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PREFACE. 



<* 



Progress in the methods of Electrical Measurement 
^ is quite as marked as in the applications of electricity. 
■"^v^ The perfecting of measuring instruments keeps pace 
^ with the demands imposed by scientific accuracy. 
^ Laboratory practice should not be permitted to lag 
3 behind discovery and commercial applications; obso- 
1 lete methods may with propriety be relegated to 
5^ historical collections, along with antiquated apparatus, 
so that students in electricity may learn only the latest 
modes of procedure. 
^ The authors of this book have proceeded on this 
^ plan in collecting and devising methods to form a 
^ graded series of experiments for the use of several 
classes in electrical measurements. How well they 
have succeeded others must decide. Quantitative 
experiments only have been introduced, and they have 
been selected with the object of illustrating the general 
methods of measurement rather than the applications -to 
specific departments of technical work, such as submarine 
cable testing, telegraphy and telephony, or dynamo 
^ electric machinery. It is thought to be better that these 
subjects should be treated in special handbooks. 
^ It is assumed that electrodynamometers and direct 
^ reading ammeters and voltmeters of good quality are 
*Cc now a part of every laboratory equipment, and methods 
are given for their ready calibration. Muck \sjsse* ^^^M5» 
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has been devoted to the tangent galvanometer than 
has been customary in the past; but it has been retained 
because it is a good appliance for practice, though very- 
inferior as an instrument of precision in comparison 
with later instruments for measuring current. Zero 
methods have been resorted to wherever it has appeared 
practicable to do so. The student is advised to use 
them as far as possible. 

The experience of a number of years leads to the 
conclusion that the Standard Cell may be made of very 
great service in electrical measurements. Its construc- 
tion has therefore been described with a good deal of 
detail, and a considerable number of experiments involv- 
ing its use have been introduced. Since the Clark cell 
is now the legal standard of electromotive force, both in 
Great Britain and the United States, its use should be 
encouraged for this reason, aside from its convenience. 

The several chapters have been introduced in what 
appears to the authors the order of the difficulties 
involved in them. Further, in each chapter the simpler 
experiments have been described first, and the more 
difficult ones later on. It is assumed that the student 
has completed a first course in the principles of Physics, 
and that he has some knowledge of analytic geometry 
and the calculus. It will be found of advantage if he 
has also had a course in the physical laboratory, com- 
prising measurements of length, mass, periods of oscilla- 
tion, moments of inertia, and the like. 

It will be noticed also that we have not contented 
ourselves with the description of methods, but have 
added an explanation or a demonstration of the principle 
involved, and have given numerous references to orig- 
inal sources of information. 
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The subject of induction coefficients has been treated 
with more detail than usual on account of the increas- 
ing interest in it in connection with alternating currents 
and their practical applications. Dr. Karl E. Guthe, 
Instructor in Physics, has kindly determined by experi- 
ment the practical details of several of the methods 
described. 

It is hoped that the examples, which for the most part 
have been taken from work done under the supervision of 
the authors, will prove a useful feature of the manual. 

Thanks are due to Nalder Brothers & Co., Queen & 
Co., and the Weston Electrical Instrument Co., for 
kindly furnishing a number of the illustrations of ap- 
paratus made by them. 

ITniyersitt of Michigan, 1895. 
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ELECTRICAL MEASUREMENTS. 



CHAPTER I. 

DEFINITIONS OF UNITS AND THEIR DIMENSIONAL 

FORMULAS. 

1. Fundainental and Derived Units. — One kind of 
quantity may always be expressed in terms of two or 
three other kinds. For example: Velocity, involving 
two other kinds ; force, involving three other quantities. 

A systematic scheme of units involves as many differ- 
ent ones as there are kinds of quantity to be measured ; 
and it connects them together, at least in all dynamic 
science, in such a manner that they are defined in terms 
of three original or underived units. The three which 
are generally employed for this purpose are the units of 
length, time, and mass. These are called fundamental 
units, in distinction from all others, which in turn are 
called derived units. This particular selection is a 
matter of convenience ratlier than of necessity, and rests 
upon several considerations which properly determine 
the selection of these fundamental quantities. 

2. Dimensional Formulas. — In all scientific inves- 
tigations of a quantitative character it is of great impor- 
tance to know the relations of the derived units to 
the fundamentals ; so that whatever arbitrary units are 
employed as the f imdamentals, it may be possible to pass 
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directly and with certainty from one system of arbitrary 
fundamentals to another. This is most conveniently 
done by expressing the dimensions of all units. Dimen- 
sional formulas show the powers of the fundamentals that 
enter into the derived units. When a given unit varies 
as the n^ power of a fundamental, it is said to be of n 
dimensions with respect to that fundamental. 'J'hus the 
unit of area is of two dimensions as regards a length, 
while the unit of volume is of three dimensions with 
respect to the linear unit employed. In other words, the 
unit of area varies as the square of the unit of length, 
and the unit of volume as the third power of the same. 
"Every expression for a quantity consists of two fac- 
tors or components. One of these is the name of a cer- 
tain known quantity of the same kind as the (quantity to 
be expressed, which is taken as a standard of reference." ^ 
The other is merely numerical, and expresses the num- 
ber of times the standard must be applied to make up 
the quantity measured. Thus (ten) (feet), (five) 
(grammes), (fifty) (seconds). The dimensions of a 
length are simply L; of time, T; and of mass, M,^ 'Jlie 
numerical part of an expression does not enter into the 
dimensional equation. It is exactly these numerical rela- 
tions that we wish to determine by means of the dimen- 
sional formulas, when we have occasion to pass from one 
system of fundamentals to another. Thus, if we Inn e 
given the numerical constants of an equation expressing 
the relation between any physical quantities, with the 
foot, the pound, and the second as the three arbitrary 
fundamental units, to find the numerical constants of 
the same relation with the centimetre, the gramme, and 

^ Maxwell's Electricity and Magnetism, p. 1. 

* They are sometimes written with a square bracket and sometimes without. 
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the second as the arbitrary fundamentals, we need to 
know only the ratios between the three pairs of funda- 
mentals and the relation of the derived units to the fim- 
damentals, or the dimensional formulas of those derived 
units which express the given physical relationship. 

Further, it is important to observe that the numerical 
parts of two expressions for the same quantity in differ- 
ent units are inversely as the magnitudes of the units 
employed. Thus, if L [i] represents a given linear 
quantity in feet and I [Z] the same quantity in metres, 
in which the parts enclosed in brackets are the units of 
length, the foot and the metre respectively, then 

l[l]=L [i], or 

Since [Z] = 3.280856 [X] (one metre = 3.280856 feet) it 

follows that 

L = 3.280856 I 

3. Examples of the Use of Dimensional FormularS. 
— First. A pendulum with a mass of 1 kg. has an equiva- 
lent length of 1 m. Its moment of inertia in cm.'^ — gm. is 

1000 X 1002 = 10^ 

What is it in mm.'^ — mg. ? 

1 mm. = Y(j ^^^« 

Hence 1 cm.^ = 1 mm.^ x 10^ 

and 1 gm. = 1 mg. x 10^. 

Hence 1 cm.^ — ^w« = 1 mm.^ — mg. x 10*. 

Since the numerical part of an expression for a given 
quantity is inversely as the magnitude of the unit of 
measurement, it follows that 

10'' cm.^-gm. = W X 10' mm?— mg. = W\ 



4 ELECTRICAL MEASUREMENTS. 

Second. The period of vibration of a pendulum de- 
pends on its length and on gravity. Let us assume that 
it varies as the m!* power of its length and as the w'* 
power of g. . 

Then since gravity is an acceleration, which is the 
rate of change of velocity, and velocity is a length 
divided by a time, it follows that acceleration is a length 
divided by the second power of a time. We may there- 
fore write the dimensional equation for the period of 
vibration of a pendulum in accordance with the assumed 
relationship, thus: 

But the dimensions of the terms in both members of tlie 
equation must be identical. On one side we have T^ 
and on the other T— -". 

Hence 1 = — 2n 

1 1 

Also = m + n = m-'-. and m = - . 

2 2 

Hence the time of vibration of a pendulum varies 
directly as the square root of its length, and inversely as 
the square root of gravity. 



^•Vj 



or T= const, 

4. The Unit of Length Nearly all the quantities 

with which physical science deals are measured in unite 
which in practice are referred to the three fundamental 
units of length, mass, and time, irrespective of the par- 
ticular system to which these three units belong. But 
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it is eminently desirable to so choose these standards 
as fundamentals that we shall have a systematic arrange- 
ment, avoiding numerous and fractional ratios. The 
variety of weights and measures employed commercially 
in the United States and England illustrates an unsys- 
tematic arrangement. The metric system, on the other 
hand, is an example of a logical and simple system- 
atic arrangement and relationship of the various units 
employed. Hence the metric system is now almost 
exclusively used in science. 

Theoretically the metre was intended to be the ten- 
millionth part of the earth-quadrant passing through 
Paris from the equator to the north pole. Practically 
the metre is the distance between the ends of a bar of 
platinum when at 0°C., preserved in the national archives 
at Paris, and known as the Metre des Archives. This 
bar was made by Borda. It was constructed in accord- 
ance with a decree of the French Republic, passed in 
1795, on the recommendation of a committee of the 
Academy of Sciences, consisting of Laplace, Delambre, 
Borda, and others. The arc of a meridian between 
Dunkirk and Barcelona was measured by Delambre and 
M^chain, and the length of the metre was derived from 
this measurement. An earth-quadrant is now known 

to be about 

10,002,015 metres. 

The relation between the foot and the metre is 

1 metre = 3.280856 ft. 

By Act of Congress of the United States, in 1866, the 
metre was defined to be 39.37 inches. The unit of 
length employed in magnetic and electiiei^i \sv^^s»\5xvi,- 
ments Is the j^ part of a metre, caWe^ a Q.^\\N:\\\vfc^:t^' 
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The choice of the centimetre was made by the British 
Association Committee on Electrical Standards and 
Measurements. 

5. The Unit of Mass. — It is important to distin- 
guish between mass and weight. Mass is the quantity 
of matter contained in a body. It is entirely independ- 
ent of gravity, though gravity is usually employed to 
compare masses. Weight, on the other hand, means the 
downward force of gravity on a body, and is measured 
by gravity. Weight depends upon the situation of a 
body on the earth, and is the product of mass and grav- 
ity. Hence the weight of a given mass of matter varies 
with the variation of gravity from place to place. 

Theoretically the unit of mass in the C.G.S. system 
is the gramme, or the mass of a centimetre cube of 
distilled water at the temperature of maximum density, 
or 4° C. Practically it is the yxnnr V^^ ^^ ^ standard 
mass of platinum preserved in the archives at Paris, and 
called the Kilogramme des Archives, This, also, was 
made by Borda in accordance with the decree of 1795. 
The theoretical and practical definitions prove not to be 
absolutely identical. 

From Kupffer's observations Miller deduces the abso- 
lute density of water as 1.000013.^ Hence the practical 
kilogramme is defined not as the mass of a cubic deci- 
metre of distilled water at 4° C, but as the kilogramme 
of Borda, though the two are very approximately equal. 

The gramme was recommended as the unit of mass by 
the British Association Committee because of its con- 
venience, since it is nearly the mass of unit volume of 

1 According to the obsei*vations of Trallis, reduced by Broch, it is 0.99988. 
— Everett y CG.S. System of Units ^ p. 34. 
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water at maximum density; and as water is usually- 
taken as the standard in determining specific gravity, 
it follows that densities and specific gravities become 
numerically equal. 

6. The Unit of Time. — The unit of time univer- 
sally employed in scientific investigations is the second 
of mean solar time. An apparent solar day is the in- 
terval between two successive transits ' of tlie sun's centre 
across the meridian of any place. But since the appar- 
ent solar day varies in length from day to day by reason 
of the unequal velocity of the earth in its orbit, the 
mean or average length of all the apparent solar days 
throughout the year is taken and divided into 86,400 
equal parts, each of which is a second of mean solar 
time. 

7. Dimensions of Mechanical Units. — Area. Since 
area is a length multiplied by a length, its dimensional 
formula is L^, 

Volume. Since volume is a length or space of three 
dimensions, its dimensional formula is i^ 

Velocity. Velocity is a length divided by a time, or 

generally — . 

Hence its dimensions are -—LT~^. 

Acceleration. Acceleration is the time-rate of change 

of velocity, or -— . Its dimensional formula is therefore 

axt 

LT-^^T=LT-\ 
Force. The magnitude of a ioTce \a AiJcve Y'o^Wc't ^"^ 
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mass by acceleration. Hence the dimensional equation 
for force is 

F= Mx LT- 2 = LMT- \ 

If, therefore, the unit of time should be changed from 
the second to the minute, the unit of force would be 
reduced to 1/60^ or 1/3600. 

Momentum, Momentum is the product of mass and 
velocity. Its dimensional formula is 

MxLT-' = MLT-\ 

Force, according to Gauss, is measured by the time- 
rate of change of momentum. Its dimensions should 

then be 

MLT-^-T-T^MLT-^ 

the same as before. 

The unit of force in the C.G.S. system is that force 
which acting on a gramme mass for one second imparts 
to it a velocity of one cm. per second. This is called 
the di/ne, A force of one dyne produces unit accelera- 
tion of unit mass. 

Work. Work is said to be done by a force when it 
produces mass motion in the direction in which the force 
acts. It is numerically equal to the product of the force 
and the component of the displacement produced while 
the force acts, and in the direction in which it acts. The 
dimensions of work are, therefore, a force multiplied by 
a length or 

MLT''^xL = MUT-\ 

The unit of work in the C.G.S. system is the work 
done by a dyne through one cm. This is called the erg. 
In practical electricity a unit of work, called the joule^ 
and equal to 10^ ergs, is frequently used. 
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Activity, Activity or power is the time-rate of doing 
work. The horse-power in the gi'avitational system of 
units is a rate of working equal to 33,000 foot-pounds 
per minute, or 550 foot-pounds per second. 

Unit activity in the C.G.S. system is work at the rate 
of one erg per second. The watt, a practical unit bi 
activity in electricity, is equal to 10" ergs per second. 
One horse-power is equivalent to 740 watts. 

Since activity is the work done in unit time, its dimen- 
sional formula is 

Energy is measured by the work done. Its dimensional 
formula is therefore the same as that of work. 

8. Meignetio and Electrical Units. — Strength of 
Pole. The two ends of a long slender magnet possess 
opposite properties. These ends are called poles, and 
the magnet is said to possess polarity. Poles. of the 
same name, sign, or properties repel each other, while 
those possessing opposite properties attract. The strength 
of a pole is accordingly defined as proportional to the 
force it is capable of exerting on another pole. 

If m and m^ represent the strengths of two poles, and 
d is the distance between them, then since magnetic 
attraction and repulsion vary as the inverse square of 
the distance, the force may be expressed as proportional 
to mm^/cP. In the C.G.S. system the constant in the 
expression for/ becomes unity. Unit pole, therefore, has 
unit strength when it repels an equal and similar pole 
at a distance of one cm. with a force of one dyne. It 
produces unit magnetic field at a distance of one cm. 
from it. 
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We may then write generally 

fdP — mm' = const, x mm. 

But since constants do not enter into dimensional 

equations, 

m' =:fcP 

or m=f^ rf, 

and m = {LMT- 0* x i = M^-L^ T-\ 

9. Magnetic Field. — Any region within which a 
magnetic pole is acted upon by magnetic force is called 
a magnetic field. It is a region pervaded by lines of mag- 
netic force, or one in which the ether is in a state of 
strain. 

A magnetic field is completely specified by expressing 
the value and direction of the magnetic force at every 
point. The direction of the force is the line along which 
a positive or north-seeking magnetic pole tends to move, 
and the force is the force sustained by unit pole. If this 
force is called c?iS, then the force acting upon any pole 
of strength m is SSm^ or 

/= 96m. 

Hence 9e = ^- . 

m 

The dimensions of SS are therefore 

Unit magnetic field is one in which a unit magnetic 
pole is acted on by a force of one dyne. 

10. Magnetic Moment. — The product of the 
strength of pole and the length of the magnet is called 
its magnetic moment. When a thin magnet of length I 
is placed in a field of strengths^, so that it is at right 
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angles to the direction of the field, the moment of the 
couple acting on it, tending to turn it so that its mag- 
netic axis shall correspond with the field, is 96mL When 
the field is unity, this couple becomes mh Its dimen- 
sional formula is 

11. Intensity of Magrnetization. — Intensity of mag- 
netization is the quotient of the magnetic moment of a 
magnet by its volume, or its magnetic moment per cubic 
centimetre. Hence the dimensions of magnetization are 

12. Two Systems of Electrical Units. — A system 
of units for the measurement of any physical quantity 
must be founded upon some phenomenon exhibited by 
the physical agent involved. The two systems of elec- 
trical units in use are founded respectively upon the 
repulsion exhibited by like charges of electricity and 
the magnetic field produced by an electric current. The 
one is therefore called the electrostatic and the other the 
electromagnetic system of units. There is no obvious 
relation between the two, but the dimensional formulas 
of the several units show that the ratio of like units in 
the two systems is either a velocity, the square of a 
velocity, or the reciprocal of the one or the other. Many 
series of investigations have been undertaken with a view 
to determine the value of this velocity v. According to 
Maxwell's electromagnetic theory of light, it is numeri- 
cally equal to the velocity of light. At least six different 
methods have been employed with reasonably concurrent 
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results. The JipiHinded tiil)le gives a few of the most 
recent values of the ratio v and of the velocity of light : 





Ratio of Units. 


Date. 


Experimenter. 


V in cms. 
per sec. 


1883. . 

1888. . 

1889. . 
1SH9. . 

1889. . 

1890. . 


J.J.Thomson, 
Ilimstedt . . . 
Kowlund . . . 

lioHa 

W. Thomson, 
J. J. Thomson 
and Searle . . 


2.963 X 1010 
3.009 X 10 >" 
2.9815 X 10 >» 
3.0004 X 10 »'> 
3.004 X 10 »" 

2.9955 X 10 »« 



Date. 



Velocity of Light. 



Experimenter. 



1879 

1882 
1882 



Michelson 
Michelson 
Xewcoiub 



Vel. of light 
in cms. per sec. 



2.9991 X 10 10 
2.9985 X 10 »« 
2.9981 X 10 »o 



We shall consider generally only the electromagnetic 
system, founded upon the discovery of Oersted in 1820, 
that a magnetic needle is deflected by an electric current ; 
or, in other words, that a current of electricity produces 
a magnetic field. 

13. Strengrth of Current. — A current flowing through 
a loop of wire is equivalent to a magnetic shell, which 
may be considered as composed of a great many shoi*t 
filamentaiy magnets placed side by side, with all the 
north-seeking poles forming one surface of the shell, and 
all the south-seeking poles the other surface. The mag- 
netic field at any point produced by a current in an ele- 
ment of the conductor is proportional to the strength 
of the current, to the length of the element, and to 
the inverse square of the distance of the point from 
the element. If we conceive a conductor 1 cm. in 
length, bent into an arc of 1 cm. radius, the current 
through it will have unit strength when it produces 
unit magnetic field at the centre of the arc ; that is, a 
unit pole placed at the centre will be acted on by a force 
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of one dyne at right angles to the plane of the circle. If 
the conductor forms a complete circle of one cm. radius, 
the strength of field at the centre due to unit current 
will be 27r. 

The dimensions of unit current may be derived from 
the consideration that the magnetic field produced by a 
current at the centre of a circular conductor equals the 
strength of the current multiplied by the length of the 
conductor and divided by the square of the radius. Let 
I equal the intensity, or strength, of current. Then 

intensity of field =--- = g^^, 

or, 1= dSL. 

Hence, 1= M^L -^ T-'xL = 3I^L^T - ' . 

14. Quantity. — The unit of quantity is the (][uantity 
conveyed by unit current in one second. Its dimen- 
sional formula may, therefore, be found as follows : 

Quantity = current x time 

The unit of quantity is, therefore, independent of the 
unit of time, and depends only on the units of mass and 
length. 

15. Blectromotive Force. — The word force is used 
in this connection in a somewhat figurative way, and not 
in a mechanical sense. 

Force is that which produces or tends to produce 
motion or change of motion of matter. But electro- 
motive force (E.M.F.) produces, or tends to produce, a 
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flow of electricity. It is analogous to hydrostatic prei 
ure, and is often called electric pressure. It must n 
be confused with electric force — a force electrical 
origin, and producing motion of matter. 

The numerical value of the E.M.F. between t\ 
points of a circuit, when there is no source of E.M.! 
in this part of the circuit, equals the difference of pote 
tial between the same points. Difference of potenti 
between two points, A and B^ is defined as the woi 
required to be done in carrying a unit quantity of ele 
tricity from the one point to the other. Hence the woi 
required to convey a quantity Q from J. to ^ is 

in which Vi and V2 are the potentials of the points A ar 
B respectively. The electric potential at a point is tl 
work required to carry unit electricity from the boundai 
of the field to that point. But since potential differen( 
is numerically equal to E.M.F., we have 

E.M.F. = TF-r- Q. 
Hence the dimensional formula of E.M.F. is 

Unit difference of potential exists between two poin 
when one erg of work is expended in conveying un 
quantity from the one point to the other. 

16. Resistance. — Every conductor of electricii 
offers greater or less obstruction to its passage. TI 
researches of Dewar and Fleming^ on the resistance ( 
metals at the temperature of boiling oxygen go to sho 
that the resistance of all pure metals is zero at — 274° C 

1 Phil, Mag,, Oct., 1892, p. 327; Sept., 1893, p. 271. 
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or the " absolute zero." The resistance of pure metals 
is, therefore, very nearly proportional to the absolute 
temperature. 

Ohm's law expresses the relation subsisting between 
E.M.F., resistance, and current strength. Thus 

where E expresses the algebraic sum of all the E.M.F.'s 
in the circuit, and R the total resistance. 

From this R— y-, ^ 

or that property of a conductor by virtue of which a part 
of the energy of the current is converted into heat is 
equal to the ratio of the effective E.M.F., producing a 
current, to the current itself. 

A portion ^, ^ of a conductor offei*s unit resistance 
when the difference of potential between the points J., 
B is numerically equal to the current produced. 

From the expression for resistance its dimensional 
formula is 

R = E^I 

T 

Resistance is, therefore, expressed in terms of a length 
and a time as a velocity. 

17. Capacity. — A conductor possesses unit capacity 
when it is charged by unit quantity to unit difference of 
potential. Since the potential varies directly as the 
charge, we have 
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0=Q-r P.D. 

Capacity is, therefore, the reciprocal of an acceleration. 

18. The Practical Electrical Units of the Paris 
Congress of 1881.* — At the Paris Congress of Elec- 
tricians in 1881, the members of which were officially 
delegated by the governments represented, the following 
conclusions were reached: 

1. For electrical measurements the fundamental units, the 
centimetre, the mass of a gramme, and the second (C.G.S.) shall 
be adopted. 

2. The practical units, the ohm and the volt, shall retain their 
present definitions, 10* for the ohm, and 10^ for the volt. 

3. The unit of resistance (ohm) shall be represented by a 
column of mercury of a square millimetre section at the tem- 
perature of zero degrees centigrade. 

4. An international committee shall be charged with the deter- 
mination, by new experiments, for practice of the length of a 
column of mercury of a square millimetre section at the temper- 
ature of zero degrees centigrade, which shall represent the value 
of the ohm. 

5. The cuiTent produced by a volt in an ohm shall be called 
the ampere. 

6. The quantity of electricity defined by the condition that an 
ampere gives a coulomb per second shall be called the coulomb. 

7. The capacity defined by the condition that a coulomb in a 
farad gives a volt shall be called the farad. 

19. The Practical Units of the Chicago Congress 
of 1893. — A conference was held at the British Asso- 
ciation meeting in Edinburgh in 1892 in connection with 

* Congrh International des JSlectriciens, p. 249. 
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the B. A. Committee on Electrical Standards. In addi- 
tion to members of the committee there were present, 
among others, Professor von Helmholtz, of Germany, 
and M. Guilleaume, of France. At this conference it 
was resolved to adopt the length 106.3 centimetres for 
the mercurial column, and to express the mass of the 
column of constant crossnsection instead of the cross- 
sectional area of one square millimetre. These recom- 
mendations the committee on the part of the Board of 
Trade in turn recommended for official adoption by the 
British government. Final official action was, however, 
delayed to await the action of the Chamber of Delegates 
of the International Congress of Electricians, which con- 
vened in Chicago, August 21, 1893.^ 

The following resolutions met the unanimous approval 
of the Chamber : 

Resolved, That tho several governments represented by the 
delegates of this International Congress of Electricians be, and 
they are hereby, recommended to formally adopt as legal units 
of electrical measure the following : 

1. As a unit of resistance, the international ohm, which is based 
upon the ohm equal to 10® units of resistance of the C.G.S. sys- 
tem of electromagnetic units, and is represented by the resist- 
ance offered to an unvarying electric current by a column of 
mercury at the temperature of melting ice, 14.4621 grammes in 
mass, of a constant cross-sectional area and of the length 106.3 
centimetres. 

2. As a unit of cun*ent, the international ampere, which is one- 
tenth of the unit of current of the C.G.S. system of electro- 
magnetic units, and wliich is represented sufficiently well for 
practical use by the unvarying current which, when passed 
through a solution of nitrate of silver in water, in accordance 

> Proceedings of the International Electrical Congress, Chicago, 1893 
(Amer. Inst. Elec. Engineei*s). 
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with accompanying specification, deposits silver at the rate of 
0.001118 gramme per second. 

3. As a unit of electromotive force, the intemcUional volt, 
which is th^ E.M.F. that, steadily applied to a conductor whose 
resistance is one international ohm, will produce a current of one 
international ampere, and which is represented sufficiently well 
for practical use by |JJJ of the E.M.F. between the poles or 
electrodes of the voltaic cell known as Clark's Cell, at a temper- 
ature of 15° C, and prepared in the manner described in the 
accompanying specification. 

4. As the unit of quantity, the internatwnal coulomb^ which is 
the quantity of electricity transferred by a curi'eut of one interna- 
tional ampere in one second. 

6. As the unit of capacity, the international farad, which is the 
capacity of a conductor charged to a potential of one international 
volt by one international coulomb of electricity. 

6. As the unit of work, the joule, which is 10^ units of work 
in the C.G.S. system, and which is represented sufficiently well 
for practical use by the energy expended in one second by an 
international ampere in an international ohm. 

7. As the unit of power, the watt^ which is equal to 10^ units of 
power in the C.G.S. system, and which is represented sufficiently 
well for practical use by the work done at the rate of one joule 
per second. 

8. As the unit of induction, the henry, which is the induction 
in the circuit when the E.M.F. induced in this circuit is one inter- 
national volt, while the inducing current varies at the rate of one 
international ampere per second. 

The adoption of these units was approved for publica- 
tion by the Treasury Department of the United States 
government, December 27, 1893. They were made 
legal by Act of Congress, approved by the President, 
July 12, 1894. 

20. Relation between the B.A. Units and the Inter- 
national Units. — The Electrical Standards Committee 
of the British Association for the Advancement of 
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Science has agreed that the following relations exist 
between the B.A. unit and the international ohm : 

1 B.A. unit = 0.9866 international ohm. 
1 international ohm = 1.01358 B.A. units. 

Since the unit of E.M.F. is defined in terms of the 
ampere and the ohm, and since the ampere is independ- 
ently determined, it follows that the unit of E.M.F. 
varies directly as the unit of resistance. Hence: 

1 B.A. volt = 0.9866 international volt. 
1 international volt = 1.01358 B.A. volts. 

The numeric of any given E.M.F., however, being 
inversely as the value of the unit employed, will have 
reciprocal relations to the above. Thus, if the E.M.F. 
of the Clark normal cell with excess of zinc sulphate 
crystals is 1.434 volts, in B;A. units it is 

1.434 X 1.01358 = 1.453. 

The "legal ohm," which was adopted in 1882 as a 
temporary unit by the international committee, to w^ich 
the subject had been committed by the Congress of 1881, 
was represented by the resistance of a column of mer- 
cury, described as above, but 106 centimetres in length. 
Hence the legal volt and ohm are x^f^ of the corre- 
sponding international units. 
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CHAPTER II. 

RESISTANCE. 

21. The Laws of Resistajice. — First. Let AB, 

A B CD 

> 1 1 \ h-> 

^ V, V. V, V* 

Fig. I. 

5(7, CD, be three resistances, 72i, 7^2, i^s, respectively 
(Fig. 1), and let their total resistance in series be M. 
Then is 

Let the potentials of the several points be P^, Fi, Fi, Fi. 
Then if / is the current flowing 

Vi-V2 = RJ 

These equations are derived from Ohm's law, and are 
true because the current /is the same in each section of 
the conductor. 

By addition of the first three equations, 

Fi-F;=(jBi + i22 + jB3)/ 

Combining this with the fourth equation, 

iK= J(i2i +JB2+R3), 

or jB = JRi + jBj + i^s . 
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Hence the resistance of the three conductors placed 
end to end, or in series, is the sum of the resistances of 
the several conductors. If these conductors are parts of 
a uniform wire, it follows that the resistance of a uniform 
conductor is proportional to its length. This may be 
called the first law of resistance. 

Second. The second law may be derived from a dis- 
cussion of the resistance of parallel circuits. 

Let two conductors of resistance, i2i, i?2, join two 
points of a circuit A^ B. They are then said to be con- 



R. 



A^- 


R. 


7 


vS 


^S^ 




Fig. 2. 





nected in parallel or in multiple. Let the potentials of 
the points A and B \yQ V\ and Fi , and let the currents 
through the two branches be I\ and I^ , the total current 
being I. 

Then by Ohm's law 

Also if i2 is the combined resistance of the two con- 
ductors in parallel 

^-— B 

Hence TllJj - V-V^V-V^ 

nence, ^ R, ^ R, 

^-=— + i • 
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The reciprocal of resistance is called conductivity. 
The conductivity of two conductors in parallel is, there- 
fore, the sum of their separate conductivities. From the 
last equation 



R = 



Hi + jBj 



This is the expression for the combined resistance of 
the two conductoi*s in parallel. The same reasoning 
may be extended to several conductors in parallel. The 
conductivities of any number of conductors in parallel is 
the sum of their separate conductivities. The resistance 
of three conductors in parallel is 



If now these resistances are equal to one another, then 

SRi~T' 

These conductors may be considered as elements of a 
single conductor. It follows therefore that the resist- 
ance of a uniform conductor varies inversely as its cross- 
section. 

Third. The specific resistance of a conductor is the 
electrical resistance of a centimetre cube of it when 
the current flows through from any face to the one oppo- 
site. This is the resistance of a prism of the conductor, 
measured from end to end, when the cross-section of the 
prism is a square cm. and the length one cm. Specific 
resistance depends entirely upon the nature of the con- 
ductor. 

Let specific resistance be denoted by «, and let I be 
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« 

the length of a uniform conductor and a its cross-sec- 
tional area. Then its resistance is 

si 
r= _, 

a 

or conversely, g = r-. 

If 

22. The Resistance Temperature Coefficient. — 

The resistance of metallic conductors in general in- 
creases with rise of temperature. If TJo is the resistance 
of a conductor at 0° C, and jB< at i°, then 

R, = 72o (1 + at} 

as a first approximation. In this equation a is the tem- 
perature coefficient, a constant depending upon the 
nature of the conductor. In the case of pure copper 
the extended experiments of Kennelly and Fessenden ^ 
demonstrate a linear relation between the resistance and 
temperature between the limits of 20"* C. and 250° C, 
indicating a uniform temperature coefficient of 0.00406 
per degree C. throughout the range. The maximum 
observed value at any point was 0.004097 and the mini- 
mum 0.00399. It is altogether likely that the discre- 
pancies existing among the results obtained by many 
observers should be attributed to the presence of small 
percentages of other metals. 

The temperature coefficient of alloys is in general 
smaller than that of the pure metals comprising them. 
Thus the coefficient of German silver* composed of 
60 per cent copper, 25.4 per cent zinc, 14.6 per cent 
nickel, is 0.00036, and of platinumnsilver, 0.00030. 

1 The Physical Review j Vol. I., p. 260. 

* Dr. Lindccky Report of the Electrical Standards Committee of the British 
Association, 1892, p. 9. 
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The alloy platinoid, consisting of German silver with 
a very small addition of tungsten, has a coefficient of 
only 0.00022, or about half that of common German 
silver (0.00044). 

The new alloy, manganin^ composed of 12 per cent of 
manganese, 84 per cent of copi)er, and about 4 per cent 
of nickel, lias a temperature coefficient l)ut slightly in 
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Fig. 3. 

excess of zero; and at a definite temperature, which 
varies with different specimens, its coefficient is zero. 

The general character of the resistance-variations of 
manganin with temperature may be ascertained from the 
diagram (Fig. 3), in which temperatures are plotted as 
abscissas, and corresponding resistances of a hundred- 
ohm standard as ordinates.^ In this case the temperature 

» Dr. TJndeck, Report of the Electrical Standards Committee of the British 
Associatioiif 1892, p. 12 ; Proceedings of the International Electrical Congress^ 
1893, p. 165. 
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coefficient is positive up to 40** C, the absolute value, 
however, being very small, as the following table of the 
mean linear coefficients between the given temperatures 
shows : 

TABLE. 



Range 
of Temperature. 


Mean 

Linear Temperature 

Coefficient. 


Range 
of Temperature. 


Mean 

Linear Temperature 

Coefficient. 


lO" to 20" 
20« to 30* 
30* to 35» 
35* to 40«» 
40* to 45» 


25 X 10 — « 

14X10— « 

4X10— « 

3 X 10-8 

1 X 10 — « 


46»to60* 
60* to 55* 
65* to 60* 

60" toes' 


— 1 X 10 — « 

— 2 X 10 — « 

— 4 X 10 — « 

— 5 X 10 — « 



For most purposes the variability of the resistance of 
manganin with temperature may be quite neglected. At 
about 45° the resistance of the specimen under considera- 
tion passes its maximum, and the curve beyond this 
temperature shows a negative coefficient. 

23. Resistance Boxes. — The resistance of conduc- 
tors is commonly measured by comparison with other 
resistances the values of which are known with some 
precision. They are generally coils of insulated wire 
wound non-inductively on bobbins, and their values are 
so arranged that they can be used in any convenient 
combination. Collectively they make what is called a 
resistance box. 

Each bobbin is made non-inductive by the following 
method of bifilar winding : A length of wire sufficient to 
give more than the required resistance is cut off, bent 
double at its middle point, and wound double on its 
spool or form. This is done for the purpose of avoiding 
self-induction on starting or stopping the current. If 
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the coil ii4 woiitiil on h metal fnnu, the form should 
l»e Hplit longituchnally to prevent induction currents 
in it. The resistance fif ii length of wire is usually 
inoreiwcd snmewliat by Ix'nding as it is wound on its 
ccire. 

Etuli coil is exactly itdjuMtcd and finally fixed to the 
under side of tlie liaitl-rnl>lH"r t<ip of the resistance Imix. 
It8 end» are soldered to two 
heavy brass or copper rods 
which extend through the 
liiinl rubber and are con- 
nected to massive brass 
blocks (", C (Fig. 4), 
which offer no appreciable 
resistJince. The coils are 
connected across the gap be- 
tween tliese blocks. When 
any brass plug P is with- 
drawn the current must pass 
through the coil bridging the g!vp lietween the discon- 
nected blocks. 

The coils are adjusted in ohms in series as follows: 
1, 2, 2, 5, 10. 10, 20, 50, 100, ]0(», 200, 500, and multiples 
of these. The total capacity of the preceding series is 
1000 ohms. Or they may be iirranged in this manner: 
1, 2, 2, 5, 10, 20, 20, 50, 100, 200, 200. 500, and so on, 
making an aggregate of 1,110 or 11,110 olims. For a 
hundred thousand ohm-box tliere are commonly ioxa 
coils, of 10,000, 20,000, 30,000, imd 40,000 ohms, respec- 
tively. 

Resistance boxes .ire also made so that the coils may 
be joined in multiple. If coils of 25,000 ohms each are 
connected across from the block to 1, 1 to 2, 2 tq 3, 
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aiif] MO forth (^Fig. 6), they may be 
in series by the plugs so as fej give 
the terminal binding-posts ranging 
ohms. 

The plugs are slightly eonieal, 
very exactly in tlie conical soiikets 
the ends of the adjacent bniss blor: 
exact and the plugs ai'e clean, the 



joined in multipie or 
a resistance between 
from 2,500 ta 250,000 

and they should fit 
i-eanied out between 
ks. Unless the fit is 
resistance of the con- 




tact will not be negligible, especially with coila of small 
value. The plugs should be kept very clean — free 
from dust, oxide, and grease. They may be cleaned by 
rubbing with a cloth dipped in a very weak solution of 
oxalic acid. In pressing the plugs into their places 
a firm pressure should be used while the plug is slightly 
turned ; but great care should be exercised not to seat 
them too rigidly oi forcibly; otherwise their removal 
endangers their hard-rubber tops. 

Each resistance box ia adjusted at some convenient 
temperature which should be marked on the box. Cor- 



J 
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rections may then Ihj made to reduce to the resistance 
coiTcsixnidinfir to the tcmi)emture of the box, which is 
asteitained at the time of use either by means of an 
attiiched thermometer, or by one passed through a hole 
j)rovi(U'(l for the purpose hi the cover. 

The bhuks to which the coils are attached should be 
jiierced with a tapering hole for special plugs with bind- 
ing terminals, so that each coil may be put into the 
cinaiit separately for the puri)ose of comparing the 
resistiinces among themselves. 

It is very essential that a good resistance box be kept 
in an outer case to protect it from dust and the light 
when not in use. Direct sunlight on the hard-rubber 
top should Ixi carefully avoided, since the sulphur in the 
rubl>er oxidizes in the light, especially in the presence of 
moisture, with the producticm of sulphuric acid. This 
greatly reduces the insulation of the hard rubber. 

24. Pohrs Commutator. — In the practice of many 
of the following methods of measurement, a commuta- 
tor for reversing the current 
through any portion of the 
circuit, or for switching from 
one circuit to another, is 
an indispensable appliance. 
Pohl's commutator meets 
the purpose admirably. 

The six binding-p o s t s 
(Fig. 6) make connection 
with the corresponding mer- 
cury cups. The points e and / are connected with the 
source of the current. With the connecting wires acZ, 
cJ, in place, the apparatus is adapted to reverse the 




Fig 6. 
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direction of flow through the circuit connected with cd. 
In the position shown, e is connected with c, and / 
with d. But if the movable lever is tilted over, it is 
easy to see that e will be connected with d and / with 
c through the cross-connecting wires. Of course the 
two conductors at the ends 
of the tilting-switch are 
joined by an insulating stem 
of glass or hard rubber. If 
now the cross-conductors 
are removed, then when the 
switch is in the position 
shown, the points e and / 
are joined to c and d re- 
spectively ; but if the lever is 
thrown over, e and /are put 
in connection with another 
circuit from a round to 6. 




VWW\/\A 

X 

Fig. 7. 



25. Measurement of Ee- 
sistance by Means of a 

Tangent Galvanometer.^ — 

Connect the galvanometer, 

the resistance a; to be measured, a battery of constant 

E.M.F., and a resistance box in series (Fig. 7). Then 

if d is the deflection and U the E.M.F. of the battery, 



J= 



m 



= A tang d = 



B+ G--\- R-\-x ° cot d 

In order to measure x by means of one observation 
only it would be necessary to know B^ the battery 
resistance, G^ the galvanometer resistance, JF, and the 
constant A. 



^ For description of the tangent galvanometer* see Article 62. 
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Hut X may 1h' (IcUTinint'd without knowing any of tlie 
iilM>Vf (plant it ics, as follows: 

Make two sets of oljscrvations without r, and with i-e- 
sistanci'S A'l an<l li, iu thi» 1k)x, of such value that the two 
(U'tlections dy and ft, shall be resiKJctively about 30° and 60°. 

I'hen 

77+ a + J{,^"^ ^""^' ^' ' '«• ^ '-"t ^' = * + <^ + ^1 ; O) 

•« / - « = ^'^ tang t"., or ^ cot ^^ = if + G'+ ^,. (2) 

J> -\- (t -\- Ji* xV 

Subtract (2) from (1) and 

-^ (cot e, - cot ft, ) = i?i — 7f, .... (3) 

Th(?n with X in cinniit and a resistance R such that 
the deflection 6 may l)e intermediate between 0i and ^21 
we have 

^l ii.oie=H+ a^ x-\- li (4) 

A 

Subtract (2) from (4) and 

■^'(cot ^-cot ^,)==a;+i?-i2,. . . (5) 

From (3) and (o) 

x-\-R — R2 _ cot ^— cot 02 
Ml — R2 cot ^1 — cot 0.] 

and x = R2-R + iR, ~ ii^ ^-^'l-J— -^^1-^? . 

^ "^cot ^1 - cot e. 

Example. 

The tangent galvanometer gave the following deflections with 
the resistances indicated : 

Ohms. 
12 

X 





Dbflections. 




C0TANOBNT8. 


Right. 


Left. 


Average. 




31.5« 


31.50 


31.50 


1.632 


62.5 


61. 


01.75 


0.537 


44.7 


44.5 


44.6 


1.014 
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36. The Reflecting: Gal- 
vanometer. — For the pui- 
poae of obaerviug a vei-y 
small deflection of th e 
needle of a galvanometer, 
a light mirror is attached 
to the movable system, an<t 
a beam of light reflected 
fi'om this serves as a long 
pointer itnthout weight. 
Such a galvanometer of the 
"tripod" pattern is shown 
in Fig. 8; the mirror ni<i_\ 
be seen at the centre of the 
eoil. The instrument is 
sui-moiiiited witli a long 
rod, oil whifh the cur\Ld 
magnet may slide up and 
down. It is held in jilacc 
by friction. This magnet lm 
employed to varj- the sen- 
sitiveness of the instnunent . 
To increase its deflection 
for a given small current, 
the plane of the mirrof, 
which contains the mag- 
netic needle at its back in 
the form of several pieces 
of very thin watt;h-spring. 




tii'st made to coincide ^ 
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nearly an iK)Hsil)le with the magnetic meridian. The 
north-weeking iH)le of the control magnet is then turned 
toward the north. It miint be remembered that the 
magnetism of the northern hemisphere of the earth 
(•orres|)on(ls to that of a south-seeking pole ; that is, it 
produces at the needle of the galvanometer a magnetic 
field equivalent to that which would be produced by a 
permanent magnet with its south-seeking pole turned 
toward the north. Now, the object of the control 
magnet is to neutral ize or c()mi>ensate a part of this 
magnetic tield if increased sensibility is desired. This 
it can do only when its north-seeking pole is turned 
toward the north. I'o make the sensibility a maximum, 
the magnet is slowly lowered; this lengthens the 
period of oscillation of the needle. If the control 
magnet is placed too low, it reverses the magnetic field 
at the needle, and the needle then turns completely 
around, with its south-seeking j)ole toward the north. 
The magnet must then be slowly withdrawn till the 
needle again returns to its normal position. The control 
magnet can be turned around slowly by means of the 
tangent screw on the top of the galvanometer. This is 
necessary for the purpose of placing the needle iri the 
magnetic meridian after the control magnet is in position. 

27. The Multiplying Power 
of a Shunt. — Let g and b be the 
resistances of the galvanometer 
and shunt respectively, measured 
between the two points A and B 

\t^ (Fig. 9) ; and let J, and I. be the 

'^'^- ^' currents through the two paths. 

Let r be the potential difference (P.D.) between A and B., 
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Then Z= — ,andii= — . 

Also if the total current is J, 

But 7=-, and therefore -A— = — ?_ = ^ 

J. 5' I, + I. 8 + ff I 

Therefore 



J^=J, 



8 



8 -\- (/ 

The fraction ^ is called the " multiplying power of 

the shunt." It is the factor by which the current flow- 
ing through the galvanometer must be multiplied in 
order to find the total current. Also from the above 
equation 

If it is desired that Ig shall be ^jj of J, then 

= — - , or lOs = 8 -{- g^ and g = 9s. 



8+ff 10 

Whence « = iff. 

If i^ is to be ji-u of Ji then 

If i^ is to be xTiW of If then 

These are the three relative values usually given to 
shunts in order to avoid inconvenient factors. Such 
shunts are applicaT3le only to the galvanometers for 
which they are made. The plan of the top of such a 
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shiint-]K)x is shown in Fig. 10. One end of all three 
(M)ils is conntM'ted with the block ^; the other ends to 

tlie hhx'ks C; 2>, U. The central 
hhn-k is connected to JB. 

Shunts are also made for a current 
of tV t^tti and jjhnr through the gal- 
vanometer, while the total resistance 
in the circuit remains constant. The 
entire cun*ent /thus remains the same 
whichever shunt is used. 





28. Two Methods of reading a Mirror Galvanom- 
eter. — The deflection is read by means of a scale of 
equal parts, preferably milli- 
metres, numbered (*- o n t i n - 
uously from one end to the 
other. Let BAB' (Fig. 11) 
be the scale, and let C Ixj the 
mirror; and let the scale Ihj 
so placed that it shall be pai-- 
allel to the galvanometer 
mirror when no current is 
passing. Then if the magnet 
and mirror have been turned 
through an angle ^, Fig. n. 

ACB=20, 

since the reflected ray of light is always turned through 
twice the angle of the deviation of the mirror. Also 

2g=t^ng2e. 

The two methods of observing tRe distance AB are 
known as the " lamp and scale " method and the " tele- 
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wliich is stretched a 




Bcope and scale" methoil. Tiie device for lamp ami 
scale is shown in Fig. 12. The liglit of tlie lamp 
passes through an opening i 
fine wire corresponding to 
the point A of Fig. 11. 
After reflection from the 
mirror, the image of the 
wire falls on the dimly illu- 
minated scale. In order to 
obtain a good image, a 
converging lens may be 
placed some distance in 
front of the wire in such a 
position that the wire and the scale are conjugate foci 
for a beam reflected from the mirror, which in this case 
must be plane. But if a concave mirror, vrith a nulius 
of curvature of 
about one metre, 
lie used in tlie gal- 
vanometer, then 
the image of tlie 
wire will be focused 
on the scale when 
the wire is placed 
just below centre 
of curvature of the 
mirror. A translu- 
cent scale is rauoli 
'''^" "* to be prefeiTed. 

The olwerver is then on tlie side of the scale away from 
the galvanometer, and the reading is much more conven- 
ient. A gas-jet at one side may 1ie used in place of the 
lamp ; and in this case a mirror at the btick of the scale 
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reflfftrt th(» li^ht through the opening containing the 
win*. 

In tlie other or Hiihjective method of observing the 
(h'fltHrtion a telescoiHj takes the place of the lamp and 
slit or wire. Such a reading telescope with attached 
scah; is shown in Fig. 18. It is set up so that an image 
of the nii(hlle iM)int of the scale is obtained by reflection 
fn»ni the galvanometer minor when at rest with no cur- 
rent j)assing. If now the miiTor is deflected the scale 
apiK?ai*s to swing across the field of view of the tele- 
scope, and when it comes to rest the observer reads the 
division of the scale coinciding with the vertical cross- 
wire in the eye-piece. Instead of the usual spider webs 
for cross-wires, fine quai-tz fibres may be substituted with 
most satisfactory resultw. If the galvanometer is to be 
iLsed merely {us a galvanoscope for detecting the passage 
of a current, then it is necessary only to observe whether 
the scale appears to move when the key is pressed. 

The telescope and scale possess the advantage that 
they can be used in a light room; and this method 
admits of greater accuracy than that of the lamp and 
scale, because the magnification of the telescope allows 
the divisions to be read to tenths. 

Let Ui and n^ be the readings of the scale when no 
current is passing and when deflected by a current 
respectively. Let a be the distance between the mirror 
and the scale and d the " deflection." Then 

(^ = 112 — W 1 , 

and d = - tan ~ ^ - . 

2 a 

For small angles we may write approximately 

= tan ^ = sin ^ = -- • 

2a 
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If S = - the following equations express the expansions 

of the several quantities in terms of the tangent of twice 
the angle : 






2 2 I 82 



431_3,_ 



2048 

If the deflection does not exceed 6° the first term of the 
correction is usually sufficient. 

Table I. in the Appendix gives the correction factors 
for the above four quantities from 8 = 0.01 to 0.2. 

Table II. gives the number to be subtracted from the 
deflection d tp make it proportional to the tangent of 
the angle instead of the tangent of twice the angle, 
or to tan d instead of tan 20, 

29. Determination of the Figrure of Merit of a Q-al- 
vanometer. — The figure of merit of a galvanometer is 
the constant current which will produce a deflection 
of one scale division, or what is practically the same 
thing for small angular deflections, the ratio of the cur- 
rent to the deflection in scale divisions. If this ratio is 
not a constant for different values of the current, the 
galvanometer should be calibrated and the figure of merit 
calculated from the corrected readings. 

A convenient method of determining the figure of 
merit is to connect the galvanometer in series with a 
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Uittory of kiif)wn chH-troiuotive foix-e -K, and a known 
resistance 7»\ which should Ik» as large as possible and 
still ^Mvc a suitable deflection. Note the deflection d of 
the ^alvanoinet(»r and calculate the current. For the 
latter it is nec(»ssarv to know the resistance G- of the 
tralvanonieter an<l B of the Iwitteiy, unless they are 
negli^ihh* in comparison with R, If they are not neg- 
liiri})le and are unknown, they may be measured by 
means of methods descrilK»d in articles 38 and 55. The 
ligure of merit F is expressed by the following relation: 

{R+ a + B)d' 

In the case of a very sensitive galvanometer, it some- 
times happeiLs that the deflection is excessive, even with 
the highest resistance at hand in series with the galva^ 
nometer. 

In this case the galvanometer may be shunted by a 
coil of known resistance, preferably ^, ^, or ^^ of that 
of the galvanometer. If the resistance of the galvanometer 

is n times that of the shunt, — — of the whole current 

71+1 

passes through the galvanometer. The figure of merit 
is then expressed by the following relation : 

F= ^ 

(i? + -^+B}Cn + i:>d 

As the deflection of the galvanometer depends on the 
distance of the scale from the mirror, it is customary to 
mention the distance at which the figure of merit is 
determined. The figure of merit of galvanometers carry- 
ing a compensating magnet may be varied between wide 
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limits by varying the strength of the magnetic field in 
which the suspended needle swings. 

30. Comparison of Resistances by Means of Poten- 
tial Differences. — Connect the unknown resistance x 
and a known resistance It of about the same value in 
series with a battery B of constant E.M.F. (Fig. 14). 



X 



M/VWWWW^ 





B 



c;3 



Fig. 14. 

It may be necessary to use also another resistance r, 
which need not be known, but which may be necessary 
for the purpose of adjusting the current to the proper 
value, so as to secure a convenient deflection of the gal- 
vanometer. By means of a Pohl's commutator (7, the 
high resistance galvanometer G is connected first to the 
terminals of the known resistance 72, and then to those 
of a?, in such a way that the deflections shall be in the 
same direction. This operation should be repeated a 
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nunil)i*r of tiinoH till coiiRtant results are obtained. Then 

if f/i and ih are the deflei'tions in tlie two cases, which 

Khoiild ))e ii8 nt*arly iis iH)K8ible the same and not too 

large, we have 

If : J' : : d^ 



<h. 



or 



r = J{' 



I2 
h 



The method proceeds on the assumption that the fall 
of iK)tential is proportional to the resistance, and that 
the galvanometer deflecticms are proportional to the cur- 
rents flowing through the instrument, and therefore 
proportional to potential diflferences. 



The following 


Example. 

observations were made : 




IlcHiMtanco. 

0.8 

X 

Therefore 


X 


Heading. Zero Reading. 

873 500 
853 500 

_ 0.3 X 353 _ ()^2g^ ^y^^^ 


Deflection 
373 
353 



373 




Fig. 15. 



31. Measurement of Re- 
sistance by Means of the 
Differential Galvanometer. 
— A differential galvanom- 
eter is wound with two coils 
of approximately equal resist- 
ance and equal magnetic field 
at the centre of the coils. 
The connections are made, as 
shown in the diagram (Fig. 
15), the two parts into which 
the current divides going in 
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opposite directions round the two coils. The observa- 
tions consist in \adjusting the resistance R until the gal- 
vanometer shows no deflection on closing the circuit. 
In case an exact balance cannot be obtained, the fraction 
of the smallest division of -B, usually one ohm, necessary 
to produce a balance, can be determined by means of 
deflections in both directions and interpolating. \i d^ 
is the deflection with R ohms, and di the opposite 
deflection with 72 + 1 ohms, then the resistance to 
balance is 

dfi + d'i 

It is essential to determine whether the two coils are 
of equal resistance, and whether the same current 
through each produces the same 
magnetic field at the centre. For 
this purpose connect the two coils 
in series, but so that they shall 
produce opposing magnetic fields 
at the needle. If the needle shows 
no deflection, the coils are balanced 
magnetically. If there is a deflec- 
tion, a balance may be secured if 
one coil is movable, as in the 
Edelmann galvanometer, by vary- 
ing its distance from the needle; 
or it may be secured by passing 
one-half of the current through a 
coil properly placed under the galvanometer, or in its base. 
Such an adjustment, however, is usually troublesome. 

A much better method is the following : If necessaiy 
insert a resistance r in one branch, as shown in the dia- 
gram (Fig. 16), in order to effect a balance. This 




Fig. 16. 
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resiHtanre may Xye simply a small increase in one of the 
lead wires, or it may be a good many ohms. It is 
advisable to introduce a resistance P in the battery 
l)ranch to diminish the current. Let A and S be the 
resistances of the two windings, including the connecting 
wires and resistance r, l)etween the points of division of 
the circuit. Then let the resistances R and a? be inserted 
as ill Fig. 15, and let a balance be obtained by deflections 
in the two directions and by interpolation if necessary. 
Next exchange R and x and balance again. Let Ri and 
R, l)e the resistances to balance in the two cases. 
Then A : B \ : R^ : x^ for the first balance, 

and A : B : I x : 7ij, for the second balance. 



Whence x = s/Ri . i4 • 

Example. 

I. To determine the resistance of one B.A. nnit in ohms : 
Ajiparatus. — Edelmann's mirror galvanometer with high resist- 
ance coils. 

A B.A. unit box for the unknown resistance (x). 

An international ohm box for known resistance (R). 
Cond, I. — The influence of both coils traversed by the same cur- 
rent, but in opposite direction, should be equal for a magnetic 
balance. 

Current through A alone deflects to smaller numbers. 

Current through B alone deflects to larger numbers. 

Current through both coils deflects to larger numbers. 

B was moved 4..5 mm. away from the needle ; then there was 
no deflection. 
Co7id. II. — Resistance of both coils should be equal for elec- 
trical balance. 

Current flowing through both coils in parallel deflects to larger 
numbers. 

Resistance put in series with B until no deflection was observed. 

Resistances x and R inseited. 

a; =1,000 . . . i? = 986; no deflection. 
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The galyanometer was not sensitive enough to estimate B to 
tenths. 

Hence x = 0.986 R, 

or one B.A. unit equals 0.986 of an international ohm. 

n. To determine the resistance of one B.A. unit, in ohms, by 
the second method : 

Apparatus, — A Thomson astatic mirror galvanometer. 

Resistance of B.A. box, right at 16° C, as unknown resist- 
ance (x), . 
Resistance box, in ohms, right at 17° C, as known resist- 
ance (/?). 

Formula : a; = \/i^i • Hi . 

Adjustment of Apparatus : 

A current through coil A deflects to smaller numbers. 

A cuiTent through coil B deflects to larger numbers. 

A current through both coils deflects to larger numbers. 

In order to get no deflection 1170 ohms (r) were added to coil 
B, with A and B in parallel. 

Observations : 

First, X in series with A ; B with B (R does not include the 
1170 ohms). 

(a) x' =500 B.A. . . . i? = 363.1; no deflection. 

(6) x" = 600 B.A. , , , R = 435.65 ; no deflection. 

(c) x"' = 800 B.A. . . . i? = 580.71 ; no deflection. 
Second, Resistances x and R exchanged. 

(d) x' =500 B.A. .../?= 671.7; no deflection. 

(e) x" =600 B.A. . . . R= 804.83; no deflection. 
(/•) x'" = 800 B.A. . . . J? = 1072.83 ; no deflection. 

Calculation : 

From (a) and (ci), x = -v/363.1 X 671.7 = 

493.86; 5- = 0.98772. 
X 

From (6) and (e), a; = V^35.65 X 804.83 = 

592.14; -- =0.98690. 

From (c) and (/), x =^^80.71 X 1072.83 = 

789.29; -4-.= 0.98661. 
x"' 

Mean Q.^^IQfe. 
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Citrrtrtinu for tnnpcrtUurc : 

TciiiiK*ratiire of both boxes, 20.5° C. Temperature coeffidem 
fur both, 0.(H)()U. 

1 H.A. unit at SO..*)^ (\ = 1 + (0.00044 X 4.6) = 1.00198. 
1 nhiii unit at 2<K5o C. -= 1 + (0.00044 X 8.5) = 1.00154. 
riicnfoni 1JK)liiM H.A. units = xX 1.00154 ohms. 

WImiic.' 1 H.A. unit = ^-^i?^ x 0.98708 = 0.98664 ohm. 

l.U01l»8 

32. Heaviside's Modification of the Differential 
Galvanometer.' - Insli*acl of dividing the current from 
tlu* iKiltei'v lH»l\vtn'ii tin* two coils, join the coils so that 
tin* sanu* ciiircnt i)assc*s through l)oth of them, and by 

reveraing one of the coils ^ 
(Fig. 17), prevent the current 
from influencing the needle. 
The rheostat iJ is connected 
in parallel with one coil ff and 
the resistance a; to be meas- 
ured in parallel with the other 
//. When E equals a; it is 
easily seen that the currents 
in ff and ^ are equal provided 
ff and ff' are equal to each 
other. But this method may 
be used exactly as in the last 
article. Let Jti l)e the resistance to balance x in the 
relative positions shown in the figure. Then exchange 
the rheostat and the unknown resistance and balance 
again, interpolating, if necessary, and let M^ he the resist- 
ance in the rheostat. Then 

Hr- x: : ff : ff', 
and X : Jiii : ff '- ff'* 




Pr / 

i R / 




'wvwr 






_ _, ,. •- - 





Fig. 17. 



Whence 



X 



= \/JSi • J?2 • 



> EUctrioal Pavtra, Vol. I., P* 
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This method assumes that the galvanometer is magneti- 
cally balanced. If the galvanometer is not magnetically 
balanced, the stronger coil may be shunted with a resist- 
ance r (Fig. 17), such that when the two galvanometer 
coils (one shunted and the other not) are placed in 
series, no deflection is obtained. When x is greater than 
g the other method is to be preferred. But for values of 
X less than g^ the present method gives greater sensi- 
bility. If, for instance, the battery have a resistance of 
10 ohms, each coil of the galvanometer 500 ohms, and x 
is 10 ohms, then the Heaviside method is seven times as 
sensitive as the first method. 

33. 'WTieatstone's Bridgre. — Wheatstone's Bridge 
is a combination of resistances most commonly employed 
to measure all except a very high resistance or a very 
low one. It consists of six conductors connecting four 
points, in one of which is a source of electromotive 
force, which need not be constant; and another branch 
contains a galvanometer. 

Let ABCD (Fig. 18) be 
the four pQints connected by 
six conductors. Then since 
the fall of potential by the 
two paths between A and D 
is the same, there must be 
a point B on the path ABD 
which has the same poten- 
tial as another point on the 
path ACD. If these points 
are joined by a conductor, 

including a galvanometer, no current will flow through 
it, and we have the relation 




Fig. 18. 
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For 1ft /| Ik* the current through ^i. It will also 
Ih» tlu» ciuTtMit through /is, since none flows across 
tliroiijrli tilt? ^alviinonieter. Also let 1% be the current 
tlir()U<^h the other branch ACT). Then since the poten- 
tial (lifTerenee lx*tween A and B is the same as between 

A and L\ 

Ii.J, = RJ, (1) 

Similarly, 11^1, = RJ^ (2) 

I)ividin^r(l)l>v(2), -^=1^ 

This may also 1h3 written, 



or 



Jl'l * St2 * * -^8 * -^4 * 



The liust equation might have been obtained by bal- 
ancing with the galvanometer connecting AD and the 

battery applied to the points 
BO, The conditions for a 
balance are, therefore, the 
same after the galvanom- 
eter and battery have ex- 
changed places as before, 
and depend only upon the 
proportionality of the four 
resistances. 

If the six conductors are 
arranged as shown in Fig. 
19, and if 

XCi I Xl/2 * * -^3 ■ -^4 9 

so that no current flows through the galvanometer, then 
any change of E.M.F. in AD will not produce a potential 




Fig. 19. 
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difference between B and 0; the converse is, therefore, 
true, so that the battery and galvanometer may exchange 
places without disturbing the balance. The balance is 
in no way dependent upon the resistance oi BC and J.2), 
though the sensibility of the arrangement is dependent 
upon these relative resistances. AD and BC are said 
to be conjugate; that is, they are connected by this 
mutual relation of independence. So, also, when the 
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Fig. 20. 

corresponding resistances are proportional, AB and 2>(7, 
BD and AC are conjugate. 

To use the Wheatstone's bridge for the measurement 
of a resistance, three known resistances are taken, having 
such a relation to the unknown x that a balance is 
obtained with the galvanometer. In practice two resist- 
ances, Ri and R^ , are chosen, and R^ is made to vary 
till a balance is secured. Then 



x = R, 



r: 
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Max\v«*ll ^ivfs tht» following rule for the connection 
<»l* tin* l)jitt«Tv iwul the g;ilvanometer to the four resist- 
aiirrs:' "Of tlif two resistances — that of the battery 
and that of tlie j^ilvanonieter — connect the greater 
n*sistan<*e so as to join tlie two greatest to the two least 
of the four other resistances." 

If, for example, 

/^, .-_ lo< M), R, ^ 1 0, 7?, = 3752, X = 37.52, 

tlien tlie l)atterv should join the point between the two 
proportional coils to the junction of Ms and a*, as shown 
in the diagram (Fig. 20), if the resistance of the galva- 
nometer is greater than that of the battery, which is 
usually the case. 

The l)attery circuit should be closed first, and then the 
galvanometer circuit, so as to avoid the effect of any 
self-induction in the coils of the resistances. A double 
successive contiict key is very convenient for this pur- 
pose. It opens the two circuits in the inverse order to 
that in which they are closed. 

34. The Post-Oflace Resistance Box. — One of the 

most convenient arrangements for the use of the Wheat>- 
stone's bridge method is i\\^ Poat^ Office Resistance JBox^ 
so called because of its employment in the telegraph 
department of the British postoffice. Fig. 21 is a plan 
of the top of this box. 

The arms AB and A C consist of two sets of propor- 
tional coils — two lO's, two lOO's, and two lOOO's. Any 
pair of these represent the resistances R^ and JB2 of Fig. 
18, which is lettered to correspond with the plan of the 
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post-office box. These proportional coils may contain, 

also, a pair of I's or a pair of 10,000's. The ratio, ^ is 

R2 

then either 1, 10, 100, 1000 or 1, -j^, y^, y^. The 

unknown resistance may be measured directly to -j-J^ or 

yxjW of the smallest coil included in the rheostat arm 



^OOQOO 





:jJ3i3x: 



10 




20: IF 



. , 800 ^ ^ 200 I 100 I 40 ^ , 

r>?300c 



30 



Q XXinf 
/ \ 400 1000 




/ 1 400 1000 aOOO 3000 4000 







Fig. 21. 



EFGD. Thus, if R, is 1000, R, 10, and 7?., 253 ohms, 
then X is yj^j- of 253 or 2.53 ohms. No binding-post is 
provided at A^ but A is joined by a wire under the hard- 
rubber top of the box to a stud at a, so that it is put in 
connection with A* by pressing the key A^a. In the same 
way the terminal B' is put in connection with B by 
pressing the key B'b. Connection i» \xvav\vi \i^i\^N^^\^. ^ 
and E hy a, hesLvy copper strap UQti ^\\on^^. 'Y\\v& "^ 
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scrrwtMl down tightly l)y the binding-screws JB and£. 
Si net* two wiivs must Ixi connected at both C and 2). 
tln'sr jM)ints lire i)rovided with double binding-posts. 
At the iM)iiit marked Inf. is the infinity plug. When 
this i»lu^ is out, the circuit througlL the rheostat arm is 
(M)mj)h*tcly broken. It will be observed that the series of 
rt'sistiinccs shown arc 1, 2, 3, 4, 10, and multiples of these. 
If it is impossible to obtiiin a balance with the smallest 
coil in the rht^ostat arm, then the fraction required to 
balance may \xi determined by observing the deflections 
of the galvanometer, first in one direction and then in 
the other, and the true value of x may be found by 
interiK)lation. For example, let the following be the 
resistiuices and deflections in divisions of the scale: 

Dbfubotions. 
m. Left. Right. 

1206 6 

1205 U 

Then one ohm causes a change in the deflection of 

20 divisions. Hence the value of B3, which would give 

14 
an exact balance, is 1205 + ^^ , or 1205.7. 



Ratio of proportional coils i?i and i?2, 1000 : 1000. Galvanom- 
eter used with ^^j^ shunt. 



^8 DerLECTION. 

ohms. To higher numbers. 

100 ** lower 

(I t« (« 



40 
20 

10 

4 ** higher 

6 ** lower ** 

5 Almost none, slightly to lower numbers. 
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Changing the ratio of Bi and i?2 to 1000 : 10 and removing the 
galvanometer shunt, the following observations were obtained : 



R9 


Defi.kction. 


600 


To lower numbers. 


495 


** higher ** 


497 


10 mm. to higher numbers 


498 


33 mm. to lower ** 



Therefore to give no deflection R3 should be 497JJ = 497.23, or 
X = 4.9723. 

From this must be subtracted the resistance of the lead wires, 
which was obtained as follows : 

Ratio of Bi and B2, 1000 : 10 : 

R3 Deflection. 

8 To lower numbers. 

1 75 mm. to higher numbers. 

2 16 mm. to lower ** 

Therefore to give no deflection B3 should be 1 J| = 1.82, or the 
resistance of the lead wires was 0.0182, giving for the resistance 
of X, 4.9723 — 0.0182 = 4.9541 ohms. 

The temperature of the box was 20° C. ; and as it was right at 
17° C. and had 0.00023 for its temperature coefficient, the final 
corrected value for x was x = 4.9541 [1 + 0.00023 (20 — 17)] = 
4.9576 ohms at 20° C. 

35. The Slide Wire Bridge. — Since it is necessary 
to know only the ratio of ^1 to JB2, and not their abso- 
lute values, the resistances of two adjacent portions of a 
uniform wire may be employed in place of adjusted 
coils. 

With the openings at 1 and 2 (Fig. 22) closed by 
heavy copper straps, obtain a balance by moving the 
contact along the wire. Then . 
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Thr n'sistance of the two parts of the wire a and h are 
Iicrtf Kup]M)S(Ml to Ix) ]:)roix)rtional to their len^hs. 

A single de termination of a resistance by this method 
(l(K*s not admit of very g^at exactness, since the position 
of C may not l>e read with precision, and the wire may 
nt>t be of the same resistance for each unit of length. 




Fig. 22. 



36. Bfltect of Errors of Observation. — An error in 
reading the position of C produces the smallest effect on 
the result when C is at the middle point of the wire. 
This may be demohsti*ated as follows : We have from 
the preceding 



x=E^ = E — 



b c — a 
when c is the entire length of the wItq 



• • (1) 
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Suppose now an error/ has been made in reading the 
position of the contact C on the bridge wire. Then 
the value of a; is a: + -F, in which 

x + F=Ji-^^ (2) 

c — a—f 

The general formula to apply in determining the con- 
ditions for the least error may be derived as follows : 

Let X be the observed quantity. 

Let X be the derived quantity. 

Also let /be the error in the observed quantity, and 
let F be the resulting eiTor in X. 

The error F arises from the use of x +/ instead of x in 
the equation connecting x and X. Then the relation 
of the four quantities is expressed by the equation 

F=f-^ (3) 

iPand Xare quantities of the same kind; also /and 
X. Tlie partial differential coefficient — expresses the 

rate of variation of X with respect to x^ other variables 
for the time being considered constants. This rate, 
multiplied by the error in the observation, gives the 
total error in the result, or F. 

Applying this formula to the present case, we have 
from (1) 

bX bx r> C ^M^ 

bx ba {c — ay 

since a is the observed quantity and x the derive. 1 resist- 
ance. 
Whence 

F =fR^L_ and ? = /" ,. . <^^~^ 
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This ratio will Ire a minimum when a (^c — a) is a 
iiiaxiinuin. But the product of two quantities whose 
sum is a fonstimt (r) is a maximum when they are 
iMjual to each other, or when a = C'—a. In that case 

'2(1= c OT a= :,; or the contact C is at the middle point 

of the wire. It and x should therefore be made as 
nearly ecjiial as j)ossil>le. 

37. Use of the Slide Wire Bridfire— First Method.* 

— iieferrinp; to the figure of Art. 35, it will be seen that 
the resistance of the copjKjr l)ars, straps, and contacts 
from iVto X and from N^ to J{ are measured in with a 
and h respectively. It may further happen that the 
index line of the slide is not exactly over the metal 
edge making contact with the bridge wire. Let f be 
this error, so that the true bridge reading is «! + /. Let 
Vi l)e the resistance of the bridge between N and a;, and 
n that between iV' and It, It is necessary to observe 
that Vi and r2 are here expressed in terms of the resistance 
of unit length of the bridge wire. Then 

X __ «! +/ 4- r, 

.K~i000-(a, + /)4-r2 ' ' * ^^^ 

if the bridge wire is divided into 1000 parts. 

Let now the positions of x and H be reversed. Then 

a;__1000-(a2 + /) + r2 



B a2-\-f+ri 

where ^2 is the new bridge reading to balance. 
Adding numerators and denominators, we have 

X ^ 1000 + n + rg 4- (<3ti — g ^) 
R 1000 + n + ^2 — («! - a.) * 



(2) 



(3) 



1 Stewart and Gee's Practical Physics^ Part II., p. 148. 
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The error / is thus eliminated. Moreover, the equation 
contains the small quantity Vi + r2 added to a large num- 
ber in both numerator and denominator. 

If the resistances n and r2 are disregarded, then the 
formula becomes 

X __ 1000 + (ai - aO 



R 1000 - (ai - a,) 



(4) 



If we consider formula (3), it will be evident that r^ + r2 
would make no difference in the ratio if x and R were 
equal to each other, for their addition to numerator and 
denominator would be the addition of equals to equals, 
the ratio remaining unity. But under these circum- 
stances ai — aj equals zero ; and the larger the numerical 
value of «! — a2, the greater will be the error introduced 
by neglecting the resistance n + r2 . Hence R should 
be adjusted so as to be as nearly equal to a; as possible. 

Xizample. 
It was desired to determine the resistance of a coil marked 1000 
B.A. units. 1000 ohms in a box made by Nalder Bros, was used 
as the known resistance. 

Reading on the bridge wire 497 

Reading after exchanging x and R 505 

Here ai — 02 = — 8, 

, ^ 1000 — 8 

^^^ '^^i600+"8' 

or a; = 984.1 ohms. 

The temperature of the boxes was 23<* and the known resistance 
was right at 15<*. Its temperature coefficient was 0.00044 ; there- 
fore the coiTected value of x was 

X = 984.1 [1 + 0.00044 (23 — 15^"^ 
= 987.6 at 23«. 
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38. Galvanometer Resistanoe by Thomson's Method. 
— ('«)iiin'(t tlu' ^.ilvanometer, whose resistance is to be 
incasunMl, inoiuj of the proi>ortional branches, AB^ of a 
Wliralstoiie's hrid^e (Fig. 23). A second branch, BC^ 
shouM consist of a resistance 7i;j, as nearly equal to the 
n'sistaiut' of tin' galvanometer a« convenient. The other 
two j)roj)ortional hranches, /^, and H^^ are obtained on 
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Fig. 23. 

the wire of a slide metre bridge. The battery branch, 
which shoiihl be made up of a Daniell or other closed 
circuit cell, a resistance r, and a plug-key K^ should 
join A and C. The last branch should consist of wires 
of low resistance and a key Ko. 

We should now close the plug-key jBTi in the battery 
branch and adjust the resistance r until the galvanometer 
gives a large steady deflection. If the deflection goes 
beyond the end of the scale, the scale may be moved 
until a reading is obtained. The actual value of the 
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reading is not important. So long as K^ remains open 
there should be no change in the deflection, no matter 
where on the slide wire the point D may be taken ; and 
if a point on this wire is found at which the potential is 
the same as that at 5, key K^ may be closed and there 
will still l)e no change in the deflection. In this case 

If a slide wire bridge or its equivalent is not obtain- 
able, two resistance boxes may be used for Mi and M^ . 
It will be found most convenient to keep the sum of 
their resistances constant, otherwise there will be different 
galvanometer readings with each different value of their 
sum, even before jBl^ is closed. 

For galvanometers of the d'Arsonval type (Art. 70) 
the slide wire of low resistance is much more convenient 
than the resistance boxes, as it acts like a low resistance 
shunt to bring the galvanometer to rest ; however, with 
the resistance boxes a shunt of low resistance may be 
used in addition, which will practically accomplish the 
same thing. 

Instead of one cell of battery and a resistance r, we 
may use two cells of slightly different E.M.F.'s in oppo- 
sition to each other. Their difference will in general 
give sufficient E.M.F. 

It is not well to exchange the battery and the key ^, 
although a balance may be obtained in this way; for 
each change in the position of D would then give a dif- 
ferent galvanometer reading, which would make the 
experiment very tedious, as it would be necessary to 
wait for the galvanometer to come to rest after each 
change in the ratio. 

It is necessarj in this, as in other expeTm\^\i\s> >nVOsx 
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\\\r sliilf win* hriil^e, to exchange the positions of G and 

/»*: and tiiid thr in»w {Mvution of 2) to give a balance. It 

is also a<lvisahK* to have a commutator in the circuit to 

irvn-st' tht» <lin'<tioii of the cuiTent, although errors due 

to «lilTrn*iiri's of teniiH»nitui-e are practically eliminated 

l»v t'xcljaiii^iiiyf (f and 1{... 

III the practice of this method it will be f ound con- 

M*ni(Mjt to iiiakr a trial measurement of Q- with any 

<-onvcni»iit vahu» for //;,, and determine the value of ff 

I'ou^hly. F<»r this it is not necessary to exchange G and 

A'.. Next make //j as near the value of 6^ as convenient, 

say to the nearest ohm; then proceed as above to make 

the more (^xact determination. The reason for making 

R. as nearly e(jual to G as possible is that the resultant 

error is a minimum when D is at the middle of the slide 

wire. 

Example. 

FirsU /?3= 100 ohms; Ri = G11.4; i?2 = 388.6; .-. (7 = (J3.56 
ohms. 

Second, make Rz = 64 ohms. Then Ri = 503.2 ; R^ =* 496.8. 
Exchanging Rz and 0, Ri = 498.8 ; R2 = 501.2. 

Therefore (7 = 64 19?P-Z:iJ.= 63.44 ohms. 

1000 + 4.4 

Tn both cases changing the direction of the current had no 
effect on the values of the readings. 

39. Use of Slide Wire Bridge — Second Method. 
— The bridge can be made more sensitive by inserting 
two resistances, jBi , ^21 in the openings at 1 and 2 (Fig. 
24). These resistances should also be nearly equal to 
each other, or, more strictly, should have the same ratio 
as X and jB. If the resistance of unit length of the 
bridge wire is p, and a and b are the two parts of the 
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wire on either side of the slide when a balance has been 

secured, then 

X __Rx -\- ap 

It "" R> + hp ' 

The value of x is thus known if p has been determined. 
Since the resistance of a and h now form only a small 
part of the total resistance of tlieir respective branches, 
any error in reading the position of the slider must pro- 




Fig. 24. 

duce a smaller e^ect in the resulting value of x than 
when ^1 and R^ are not used. These auxiliary resist 
ances may be considered simply as extensions of the two 
ends of the bridge wire. 

If we introduce Vi and r., as before, and suppose Ri and 
Ri expressed in terms of a division of the bridge wire, then 

X __ ii, + ^i 4- «i 



Reversing, 



R R2 + r2-\- c—ai 

x^ __ R2A- r^+c — a., 
B Ri + ri + aa 



. . . . (1) 



C?>) 



♦'•<> KLKCTRICAL MEASUBEMEXTS. 

lU'Vr r ivpn\st'iit8 the entire length of the wire. 
A(l«liii^r (1) ami {'2) hy addition of numerators and 
<l('noininat4»i's, 

J' __ //, -f //o + ri + rj + g 4- (ai — «:,) ... 

Put //, t A', ^ r, + r.. + ^* =-■ r, and aj — ^^ = 7. Then 

If J is small compaivd to r, we may neglect small 
(luautilifs of the second order and write, 

Ir^-f- ■ ■ ■ . . (5) 

If lh(» bridge is a metre long divided into millimetres, 
then tlie greatest value tliat d can have is 1000, and the 
least may be perlia[)s ,'2 mm. 

Let r = i)Oi)i); then from (4) 

X ^ 5000 4- 1000 ^ 3 
Jt 5000 — 1000" 2' 

This gives the maximum ratio of a; to 7^ to which the 
method is applicable. 

From (5) ^- = 1 + ,P;*- = 1.00008. 

^ -^ Ji 5000 

This is the smallest ratio of a; to ^ for which the 
bridge can be used with the assumed extensions, B\ 
and IL^ each resistance twice that of the bridge wire. 

The effect of increasing r is to make the ratio of the 
resistance of the bridge wire to the whole resistance of 
the wire and extensions or auxiliary resistances, Ri and 
7?2 9 smaller; this reduces the range of the bridge. 
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Fig. 25 ia a bridge in wliieli tlio connections are con- 
veniently ari-anged to exchange x antl R hy meaiu of 



a single commutator. Fig. 24 sliows the connections 
with cml resistances attached. The contact maker is 
carried on a long bi-ass rod hy means of a sleeve, wliich 
can be clamijed at any point, and the final adjustment is 
made by means of the attached slow-motion screw- Tlie 
scale is divided into millimetres, and a vernier reads to 
tenths. Fig. 26 is a section of the contact device 
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Fig. S6. 

designed to allow a pressure on the bridge wire not 
exceeding a limited amount, which is governed by tlie 
small spring above tlie inner piston T. The button K 
is depressed against the force of the largev owXet s.'^wjIv 
spring. The descent of T carries P \fi,fti i.^ ^\Vi. vLoiv'wwiX 
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is ina<l«^ with X\w wire. The piston 2* then enters 7 
ji^niiiist thf pressure exerted by the small spiral. This 
(Icvicr prevents any injury to the bridge wire by 
careless and exe(»ssive pressure on -K iS' is the sleeve 
which sli(U»s on the hmg brass rod, Sc is the scale, and 
("the vernier. A short piece of the wire used on the 
})ri(l^e is solcU'recl to the bottom of T, so as to make 
contact on tlie bridge wire at right angles. The rod T 
is pn*vented from turning by a square shoulder at the 
top wherii it passes through the outer housing which 
en( loses the larger spring. This device, made by our 
ujechanician, R. II. Miller, has proved very satisfactory. 

Example. 

Apparatus : New bridge (least reading 0.1 mm.) . 
To measure resistance of manganin coil in oil. 
Two nearly ecjual resistances of about 6 ohms used for length- 
ening the bridge wire — i?i and i?2 . 

A. Observation L : R on side with i?2, and x with Bi . 

Then ^= fb+J^l . 

R i^2 + ^ — *i 
Ji IN Ohms. Reading of Bridgb. 

4.6 554.0 

4.7 275.6 

Observation II. : R and x exchanged. 

Then .^ = ?2 + c--a2 

R Ri + a2 

Ji in Ohms. Keadino of Bridge. 

4.6 463.3 

4.7 739.5 

B. Detenninaiion of Ri (Art. 40) : 

(a) 2000 ohm s _ 40 ^ i?i + 362.2 

^ ^ 50 ohms 1 ~ 637.8 

.-. 7?i = 25149.4. 



(6) 
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2000 ohms _ 60 _ fti + 487. 1 



40 ohms 1 612.9 

.-. i?i = 25167.9. 

Mean value for Ri = 26163.6 parts of the bridge wire. 

Determinaticyn of B2 : 

, X 2000 ohms _ 40 _ fig + 367 . 2 



<fi) 



60 ohms 1 632.8 

.-. i?2 = 24944.8. 
2000 ohms _ 60 _ i?2 + 492.0 



40 ohms 1 608 

.-. i^2 = 24908. 

Mean value of i?2 = 24926.4 parts of the bridge wire. 
Calculation : 

Formula, - = ^-ii? , 

R r — d 

in which r = i?i + i?2 + c, and rf:=ai — oo. 

Therefore, r = 26753.6 + 24926.4+ 1000 =51080, 
and d = 90.7 for i? = 4.6, and —463.9 for i?=.4.7 ohms. 

Hence, 3 = ^iOSOj- 907 _ ,^^3,^ 

4.6 61080 — 90.7 

and ic = 4.6 X 1.000366 =4.616 ohms. 

Also, j:_ 6108 -463.9 ^33 

4.7 61080 + 463.9 

and a; = 4.7 X .982 = 4.616 ohms. 

40. To find Bi and B2 in Terms of the Divisions 
of the Bridge Wire. — If the auxiliary resistances ^1 
and R2 are used, the resistances Vi and r2 with a good 
bridge will be small in comparison, and they may safely 
be disregarded. Close the opening 2 with the heavy 
copper strap provided for the purpose, awd \>wt Tl\ vcv>^^ 
opening 1. Then with two known Te^\!&\;sulvl^^^ P ^^"^ 
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V ( Kiir. -" ), ohtaiii a Kilaiu'e and lei the bridge reading 
Ih- ,t, Ii is fvidtnt that /* kIiouM lie larger than ^, or 
tlir jM>im oil wluih a hilanee may Ije obtained mav lie 
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Fig. 27. 



Ix'vond the limits of the actual wire of the bridge, since 
Kx is an extension of this wire. Then 

P ^Iti + a 
Q c — rt ' 



Whence 



7^, — . - (c — a) — a. 



ll> may be determined in the same way. 

Example. 



Q 



= 5,a= 30:t. 



Then 



y.'i = 5 (1000-804)— 304 
= 8176. 



Tliis result should be checked by measuring the resistance of 
the bridge wire and i?i independently. 

41. The Carey Foster Method of comparing Re- 
sistances.* — This method is esi)ecially useful for the 

1 Philosophical Magazihe, May, 1884 ; Glazcbrook and Shaw's Practical 
Phj^sicB, 2d ed., p. 561. 
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purpose of determining the difference between two nearly 
equal resistances of from one to ten ohms. The method 
is as follows : 

Let Si and S2 (Fig. 28) be the two nearly equal 
resistances to be compared, and let M^ and R^ l)e two 
nearly equal auxiliary resistances, which should not 
differ much from Si and aS>. Let Vi and ra be the resist- 




F12. 28. 



ances of NM and N'M' respectively. Then if p be the 
resistance of unit length of the bridge wire, 

J?i _ ^1 + ri + pci\ ^Y) 

R2 S^+r^^ ph, 

Let now Si and S2 exchange places, and let a.^ be the 
reading on the bridge wire for the new balance. 

Then 4' = ^^J±4? (2) 

Rz Si + r. + pbo ^ ^ 

Adding unity to both sides of (1) and (2), we have 
Ri+R2 _ Si + ri + pai •\- S. -^ r., ■\- pbi _ 
R2 S2 + r^ + pf>i 

S2 + ri+ pa2 + Si + r,i ^ ph^ 
jSi + r. + ph^ 
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Since tix f /*j - c — fl. 4- ftj, the numerators of these 
fractions arc c<iual ; hence the denominators are also 
c({uaK (»r 

*?, + r. + /jftj = aSs 4- rs -f />*! . 

Therefore A', — aS'. = p (6, — 60) =p (^a.j — «,) . 

Thi* <lifTerence in the resistance of the two coils, Si^mi 
S., is therefore equal to the resistance of that part of the 
bridge wire l)et\veen the ix)ints at which the slide rests 
for the })ahince in tlie two positions of the coils jSi andA?*. 

Example. 

,Sj = coil No. 273. 0.99795 of an ohm at 15.4° C. Temperature 
coeirRient 0.00023. 

S2 = coil No. 194. Resistance to be detennined. 

/> = 0.00095459 at 20° C. (Art. 42). 

^1 left, aS2 right, reading 508.1 } Temperature of 8i and 5i 

S2 left, ^1 right, reading 497.25 > 19.3° C, of bridge 20° C. 

.-. .S2 = 0.99795 [I -h .00023 (19.3 — 15.4)] —0.00095469 (508.1 
— 497.25). 

,^2 = 0.98849 ohm at 19.3° C. 

42. The Determination of p. — The methods to be 

< 

pursued in the determination of the resistance of unit 
length of the bridge wire will depend to a considerable 
extent upon the value of this resistance and the length 
of the wire. Since 

Si — S2 = p (a^ — cid-iP =-- ^^ 

a^ — dy 

Hence, if the difference between the resistance of the 
two coils Si and S2 is known, p can be found by deter- 
mining by two successive balances the length of the 
bridge wire corresponding to this known difference. 
For this purpose three standard coils may be used, two 



l<»liin ccrik and one lO-ohm, The lO-ohm coil «nd one 
of the xmile are placed in mxdtiple on one side, and the 
other imit on the other. The resistance & of the two in 
parallel is 

1 X 10^10 

1 -h 10 11 ' 

Hence 5^, - 5^, = 1 - J^ = V _ ,09091, 

and p = -^^1, 

du — di 

If the entire resistance of the bridge wire is consider- 
ably in excess of one ohm, then p may be found by the 
aid of a single standard ohm and a hea\y copi>er link, 
the resistance of which may be neglected. Then 

1 

p = 

With 1 and 100 ohms in parallel the difference between 
1 and the two others in parallel is ,009901. 

A third method may be used when only one stmidaixl 
coil (and that of greater resistance than the bridge wiiv) 
is available. In the particular case considered the bridge* 
wire really had a resistance of about 20 ohms ; but, to 
obtain greater sensitiveness, it was used with a coil of 1 
ohm resistance in shunt. The equivalent i^esistance of 
the combination was then about |^ of an ohm, and the 
difference of readings on the bridge wire was incM'casiMl 
alx)ut twenty times. Tlie standard coil used, niarkiMl 
"No. 273 — 1 'legal' ohm at 12.8" C," called coil .4 in 
what follows, had a resistance of 0.99795 of an ohm at 
15.4° C. The two other coils were taken as unknown 
quantitieSt Coil B was a standard coil marked **Nc 
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194 — 1 B.A. unit at 15® C." This value, however, was 
somewliat in error. The third coil C was of about f of 
an ohm resistance. By making the resistance of C ix 
mean between that of A and of A and B in parallel, the 
effect of errors of observation was reduced to a minimum. 

In the first arrangement coils A and B were placed on 
opposite sides of the bridge, and their difference meas-* 
ured in terms of p. In this, as in the following arrange- 
ments, the coils were in water batlis of practically the 
same temperature as that of the room. It is necessary 
for this experiment that A should be of exactly the same 
temperature as B^ though that of C may be different. 

To obtain this equality of temperature the water in the 
two water-baths should be well mixed, repeating the oper- 
ation several times if need be. If the coils and the 
water are practically at the temperature of the room, the 
whole will rapidly reach a temperature which will remain 
constant for the experiment. Should the temperature 
vary, it will be found in general better to repeat the 
ol)servations than to correct for the variations, though, 
of courae, the latter is possible. 

If the bridge wire is used with a shunt of relatively 
low resistance, the temperature of the shunt is of more 
importance than that of the bridge wire. In fact, if the 
bridge wire has n times the resistance of the shunt, a 
change of one degree in the temperature of tjie latter 
will produce n times as great a change in the value of p 
iis would be produced by a change of one degree in the 
tem[)erature of the former. 

In the second arrangement A and B were placed in 
parallel on one side, and C on the other. The difference 
between A and B in parallel and G waij meai^ured in 
terms of p. 



RESISTANCE, 69 

In the third arrangement B was removed, and the 
difference between A and C measured in terms of p. 
Let the bridge reading in these three arrangements be 
a, a' ; 6, b' ; c, (/. Expressed in the form of equations, 
these three arrangements give the following relations : 

A — B = (^a — a^^ p = w/3, ... (1) 

A--C=(c'-c')p=pp; . . . (3) 
adding (2) and (3), 

A + B A-hB ^ ^^^ ^ ^ 

Eliminating B between (1) and (4), we obtain 

p = ■ . ^ . . (o) 

n + p ± V (^n + p)(n + p — m) 

To find which sign of the i is to be taken, substitute 
this value of p in (4). We obtain 

A 1 



^ + ^ 1+^1- 



m 



n -\- p 

From this it is evident that the plus sign should be 
taken, as otherwise B must be a minus quantity, which 
would be absurd. 

Consequently, 

p = ,-^ ^ . . (6) 

n-{- p + v(n+j9)(n+jp — ni) 

Example. 

A = 0.99795 [ 1 + 0.00023 (19.3 — 15.4)] . 
a = 508.1. Coils A and B were at 19.3° C. 
a' = 497.25. The bridge wire was at 20° C. 
Whence, -4 — ^ = 10.85/> = m/>. 
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h = 634.4. Temperatures as before. 
b' - 369.0. 

Whence, C— ^ = 266.4p«np. 

c = 632.6. Temperatures as before. 

c' = 372.1. 
Whence, -4 — C= 260.6/) ^='pp. 

Therefore, 

0.91»795 [1 + 0.00023 (19.3— 16.4)] 

'"■^ - — ro- o T— / TT^ 0.00095459 at 20° C. 

/>2.i.9 +/V/626.9 X 515.05 

43. Apparatus for exchangriner the T>wo Coils to 
be compcured. — Since the coils to be compared should 
be placed in water or oil baths, it is inconvenient to 
excliange their position from one side of the bridge to 
the otlier. A convenient and reliable device for this 
purpose is a necessity. Fig. 29 shows one form which 
may l)e used in connection mth a slide wire bridge by 
connecting with two binding-screws at one opening of 
the bridge. The connections are shown through the two 
conmiutators. If now both commutators are given a 
quarter turn, the circuits will be by the dotted lines, and 
it will be evident on tracing them that the two coils 
Si and S2 have exchanged sides on the bridge. 

An essential condition of such a commutating device 
is that the two sides shall be as perfectly symmetrical as 
possible, so that when the coils are exchanged unequal 
resistances are not exchanged along with them. An 
inspection of the diagram will show that the device is 
symmetrical. 

Connections are made by means of mercury cups. 
These should be of copper, with flat inside bottoms ; and 
the copper rods composing the terminals of the coils 
compared, as well as the ends of the heavy copper links 
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of tbe «>nuiiiixuiocs. ^-wM l« wll anutl^UMitvtl. «ikI 
they sbovM be ke)< &™]y |«ieg»e<] a^amst the K^mims 
of tbe eopEL Cja« ^--iiM be taken to keep the (MomIi:*- 
mated ewls of ibe real!: clean. 




The complete apparatus, slionii in Fijj, 30. contains 
the auxiliaiy ottila 5 wound together noii-imluotivt'ly. 
They can be easily removed and others can Ih> sid>- 
Rtituted for them. The battery is conneotod to tlu' 
binding-posts marked Bn. There are four mert'iirv i'H|« 
on either side for tlie piirixse of placing two sttinilard 
coils in parallel. Copper binding^posts are also pnividcd 
for measurements not requiring the highest accunicy. 
The rods in eauh commutator are loosely mounted in h 
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Iranl-rulilKT |)lntfnrni. Tlity tlieii ailjust themselves to 
the tnttniu of the iu«rtrtiry eiipe. and good contatl I 
ifi nwiired. This ajiiMinvtua may he used with any form J 




It is desirable to employ in the battery cii-euit anothn 
commutator, so as to reverse the circuit when the coils are 
exchanged, for the jjurpose of eliminating any possible 
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'tromotive forces of thermal origin. 
Fig. 31 sliows the 
exchanging device 
ployed by Mr. Glaze- 
brook in comparing the 
Htindard coils of 
liritisli Association. It 
is only necessary to 
move one coil up and 
the other down one 
step in order to have 
them exchange sides. 

I k 
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44. The Calibration of the Bridgre Wire — First 
Method. — The Carey Foster method itself may Ix^ 
applied to the calibration of the bridge wire. The cali- 
bration consists in laying off on the wire a series of 
exactly equal resistances. The process connects not only 
for inequalities in the wire, but for errors of the scalt* as 
well. These inequalities and errors have thus far Ihhmi 
neglected ; but they are always appreciable, though the 
error arising from neglecting them may be very small. 

It is evident that if the balance point for a given pair 
of coils Si and S^ can be shifted along the wire of tlie 
l3ridge by successive steps, and the readings di and a 2 
taken, the process will result in laying off equal resist- 
ances on the wire, each equal to Si — So* For this pur- 
pose take two resistance boxes of good adjustment for 
the auxiliary resistances Ri and Ry • Let the difference 
between the two coils Si and So be small enough to 
give convenient steps along the bridge wire. Adjust 
the auxiliary resistances, which should l)e as large as 
the sensibility of the galvanometer will permit, till the 
balance point Ui falls toward the zero end of the bridge 
wire. Since generally only a portion of the bridge wire 
near the centre will be used in the Carey Foster method, 
it is not necessarj^ to calibi*ate it throughout its entire 
length. Find now by the exchange of the coiLs aS'i and 
S2 the lejigth of bridge wire ha\dng a resistance ecjual 
to their difference. Call tliis length ^i. Next shift 
resistance from ^1 to H, till with S^ and S-, in the fii-st 
position the point of balance nearly coincides with the 
last point. It is not necessaiy to make these points 
agree exactly, though if they do tlie tabulation of the 
results is a little simpler. We shall a;ss\iw\e ic»Y >i\\^ 
present that the points do coincide, or that, V\ie iV\^\jsvw^',e,^ 
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/,, /..., «*t('., are end to end measurements. Now exchange 
*S', and jS., and by balancing again find ?2, or a second 
length of tbe wire having a resistance equal to /Si— &. 
Kfvei-st* the coils, shift resistiuice from jK^ to i2_> again 
till the bci^innintr of the length of calibration /.j corre- 
sj)onds with tlic end of h. Then exchange coils and 
balance again to find /;,. Continue the process till the 
riMjuinMl length of the bridge wire has been traversed. 
'I'lic balance tiist obtained should be tested over again 
occasionally to Ik* assured that aS^i — /Si lias not changed 
by reason of a cliange in temperature. These coik 
should be ki^pt in a water bath to avoid changes of 
temperature as far as possible. It is equally important 
that the temperature of the bridge should remain con- 
stant. If any change in the length li ocenrs, the other 
values of / nuist be- corrected in consequence. 

Now let the l)eginning of /, on the scale read rr, and 
the end of the n^ length read (/. 

Then Z, + L+k+ . . . + Z„= v — r, and ^^Z^ = L 

n 

the mean length of calibration. 
Let l—l^r=Si 

21 - (h + I2) = S, 



nZ-(Zj+ . . . 4./„) = g^=o. 
S„ is necessarily zero as Z = — — - — ^ — '- — IL_". 



These 



quantities, S,, S., &,, etc., are the corrections for the read- 
ings of the bridge wire. They are the amount which 
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must be added algebraically to the readings to obtain the 
corrected readings. The correction for any length of 
the wire is the difference between the corrections at the 
ends of the length. The quantities Si, Sg, Sg, may be 
either positive or negative. The plus and minus signs 
are used here in their algebraic sense. 







Example I. 






Resistances. 


Bridge 
Readings. 

361.15 


Lengths. 


Corrected 
Readings. 

361.15 


CORREO 
TION8. 

0.0 


818 


1341 




12.0 










373.15 




373.113 


— 0.04 


816 


1277 




12.0 










385.15 




385.076 


— 0.07 


853 


1275 




12.05 










397.2 




397.039 


— 0.16 


848 


1210 




12.05 










409.25 




409.002 


— 0.25 


885 


1207 




12.15 




■ 






421.4 




420.965 


— 0.44 


885 


1151 




12.0 




• 






433.4 




432.928 


0.47 


924 


1152 




11.9 










445.3 




444.891 


— 0.41 


923 


1101 




11.9 










457.2 




456.854 


— 0.35 


963 


1099 




11.8 










469.0 




468.817 


— 0.18 


962 


1051 


481.0 


12.0 


480.780 


— 0.22 


1001 


1047 


493.0 


12.0 


492.743 


— 0.26 


1000 


1000 


505.0 


12.0 


504.706 


0.29 


1045 


1000 


517.0 


12.0 


516.669 


0.33 


1046 


958 




11.9 
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Kki*intan< kp. 
1093 9.>8 


Bbidoi 
Rbaoinos. 

5l'«.9 


LlHOTBt. 
11.8 


COBKXCTBD 
RBAI>ING8. 

528.633 


COBUC- 
TI0K8. 

0.27 


1(»*.H 


91.-1 


640.7 


11.9 


540.596 


-0.10 


ll;il» 


9U 


6,V2.6 


11.9 


552.559 

• 


-0.04 


11(0 


87r> 


r.<u.5 


11.9 


564.522 


+ 0.02 


119-J 


H7i> 


570. 4 


12.0 


576.485 


+ 0.08 


111*3 


837 


/'.S8.4 


11.9 


588.448 


+ 0.05 






(iO<).3 




600.411 


+ 0.11 


124G 


835 




12.05 






1243 


796 


612.35 


11.95 


612.374 


+ 0.02 






624.3 




624.337 


+ 0.04 


1281 


783 


636.3 


12.0 


636.3 


0.0 



Next let us suppose that the distances Zi, Zg, Z.,, etc, 
overlap a little on the wire. As before let 

7 H "h ^2 "I" • • • I ^n 

n 

and let Z — Zi = Si 

2Z-(Zi4-Z2) = S2 

3Z-(Zi + Z2+?.0 = «) 

4Z-(Zi+ . . . +/4) = S4, 

etc. 

Also let V = y—-^ . 

n 

Then Si, Sj, S.j, etc., are again the amounts which musl 
be added to Zi, Zi + Zo, ?i + Z2+Za, etc., to make then 
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ijual to Z, 2/, 3Z, etc. ; and supposing the overlap to be 
a insignificant part of each length, we may consider Si , 
J, etc., to be the corrections from one end of the cali- 
rated portion of the wire up to the point considered, 
trictly speaking, we should reduce these values Si, S^, 
{, etc., in proportion to the amount of overlap. 







Example XL 




Bridge Readings. Lengths. 


COBBICTIONS 


Jd»0\) a . • « • 


0.0 


40.05 , 




■ < 


. 37.75 




39.95 






• • 


. +0.10 


77.95 






. 38. 




77.85 






• • 


. — 0.04 


115.85 , 






. 38. 




115.75 , 






• . 


. — 0.19 


153.65 , 






. 37.90 




163.55 , 






1 • • 


. — 0.23 


191.45 






. 37.90 




191.15 , 






• . 


. — 0.28 


229.00 






. 37.85 




228.90 . 






> . . 


. — 0.28 


266.85 






. 37.95 




266.75 






t • • 


. — 0.37 


304.75 






. 38.00 




304.45 






• • • 


. —0.52 


342.30 






. 37.85 




342.20 






> . . • 


. — 0.51 


380.00 , 






. 37.80 




379.9 






K • • 


. — 0.46 


417.85 , 






. 37.95 




417.8 






» • • 


0.55 


465.5 






. 37.70 




466.4 






1 • • 


0.40 


493.2 






. 37.80 




493.1 






• • • 


. — 0.35 


530.85 






. 37.75 




530.75 . 


• 




. . 


, — Q>,^^. 
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liRlDfiB KlAHIN 


UM. 




Lbhothi. 
37.60 


Ck>BBBCnOH8. 


568.15 
6(M). 






• 
. 37.86 


. +0.11 


605.9 
643.a') 






37.95 


. +0.12 


643.75 
681.45 






• • 

37.70 


. + 0.02 


681.30 
719.30 . 






• t 

38. 


. + 0.17 


719.50 
756. H5 






• ■ 

37.35 


. + 0.02 


756.8 
794.9 






38.10 


. + 0.53 


794.8 
832.75 . 






• a 

37.95 


. + 0.28 


832.65 . 
870.40 






• • 

37.75 


. + 18 


870.30 
908.45 






38.15 


. + 0.29 


908.35 . 






• 


. —0.01 


945. 






37.65 




944.95 
983. 




• 


• 

. 38.05 


. +0.20 
0.0 


Mean 


. 37.864 





The successive points at which the coiTection should be applie 
are V, 21', 3Z', etc. 



46. Calibration of Bridge Wire — Second Method 
— Make as many approximately equal resistances as thei 
are steps in the desired calibration. Let this number I 
n. Fig. 32 shows ten such resistances. Let them coi 
nect the mercury cups 1, 2, 3, etc. To insure good co: 
tact each small resistance should be soldered to a slio 
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heavy rod of copi)er. If i is the length oi AO to he 
calibrated, and V the interval of calibration 



= /'. 



n 



Find a point Mi on AC having the same potential 
as iV"i , and iltf > the same as No . This is done by means 
of the sensitive galvanometer (r. 

Then exchange wires Nos. I. and II. Find points on 
A C having the same potential as iVg , N^^ respectively. 
Call these points Mo-i M-,- The resistance of I. should 



I II III IV V VI 




O N« N, N, O 



M, M, 



r 



B 



Fig. 32. 

be such that the reading for iUf'g^ -^^'.n «tc., shall be a little 
smaller than for M^^ M.,^^ etc. That is, the calibration 
distances set off should overlap a little. 

Then exchange I. and III. and perform the same oper- 
ations as before. Continue the process till the conductor 
I. has been carried along the entire series and finally 
takes tlie place of the last one. The result is to hiy off 
along the bridge wire distances such that the P.D. 
between their ends is the same as between tlie ends of 
conductor I. If the current remains al)solutely constant, 
all these potential differences are equal to each other, 
and therefore the resistances of the successive lengths 
laid off are also equal. They will equal one a.wotWx \\ 
the current does 2iot remain constant, YwovVvX'idL \!tv.^ 
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tive resistance of conductor I. to this part of the divided 
circuit remain the same ; for any decrease in the current 
will cause a decrease in the P.D. between A and (7, and 
this P.D. is the same in going from ^ to Cby either 
path. So long therefore as conductor I. bears the same 
ratio to the entire resistance of the path of which it 
forms a part, the resistance between the points ilfi, il!f^, 
M2 , M^, etc., will be the same. The effect is then to lay 
off a series of equal resistance lengths on A (7, and these 
lengths overlap somewhat. 
Then we have as before 

n ^' 

and the results are treated in the same way as by the 
other method. The corrections will be 

At Z^ + S, 

etc., etc. 

46. Measurement of the Temperature Coefficient. 
— The Carey Foster method of comparing resistances is 
especially adapted to the measurement of the variation 
of the resistance of a conductor with temperature. The 
process consists in comparing the resistances of two coils, 
one of which is maintained at an unvarying tempera- 
ture, while that of the other is changed. The resistance 
which is maintained constant may be a standard coil, and 
the other is made of the wire or conductor to be investi- 
gated. Both of them must be immersed in a bath ; the 
one in order that the temperature may remain invariable, 

:d the other that its temperature may be varied and 
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accurately measnred. The equation expressing the re- 
sistance of a conductor at any temperature is, to a first 
approximation, 

If now the resistances of the conductor under test at 
temperatures (i and t^ are Mi and B, , then 

R, = Ji,(l + «(,) 
and R.= R,ll + at:). 

Subtracting, R^- Jii = R,a(^t, — t,') 

and a = ^'~ ^' _! „ 

Rf does not need to he known with great accuracy, for 
a and ^i — ^^ are very small ; and when the numerator 
of a fraction is relatively small, a small change in the 
denominator produces only an inappreciable change in 
the value of the fraction, A iirst or approximate value 
of a may be found, and this value may be used to find 
the value of Ro with sufficient accuracy. A second 
approximation will then give a nearer value of a. 



Temperature Coefficient of a Coil of Platinoid Wire. 



Coil («). 


UniDQE 


w,... 




.r-.. 


Testh) Ooil(.V). 


a 


B^^ 


H 


RKADINa^. 


CXlO- 


=■ 


Rarisl- 


is 


!l 


t" 














(ohoul 


EE 








Oj 




a 1, 




X 






"£, 


».j 


».M» 
















IR 


























U2 




18,1 
IDs 


V^^i 


f-9 


1S30 








' 


" 


UJ 


».mi 


lft.I 


^1 


«i8 

was 


1-39 
1801 










^ 
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ToUl increuM in X 


- lO.OfiOe — 9.9756 = O.oro2 olim. ^| 


tiicrt-'luwpo"" degree 


=J^,-— 1 


ltP»l8t«nco of A' nt 0« C. ^ 


9.9756—16.7 x 0.002016 =9.9fflW 


iihnis. 




ff 


Therefore. " - 


.-^'"^L'.o.ooo.c.s. 1 








47. The Conductivitl 




■^9^1 




Bridge. — Tlie Car^J 




" Bp^bO 




F(wttr metliofl fuiiuBhe* 








;ui elegant means uI 
iiieasuriug verj' small n- 
sisbiiices, sueh as t)« 
ivsisbince of metal IfflBi 








rods, ;mil tlie like. For 
tills puriKwe a special 
piece iif appamtiis is re- 




^ /aa V WEi 




(jiilred. rts principle is 






Rh 




jii-ei^isely the same aa tlwt 






^ 




employed in finding jj 






1 




fi-oiii a known difference 






-1 




1 (.if resistance. Tlie m\ 






1 1 




1 or bar to he measmvA 




rV\nOf\ 


y 




1 tjikcM the place of tliu 
H liiidge wire, aud its coii- 








H duL-tivity ia found hy luj- 




■ H 




Mu, iiig off a length of the 
E| i-od equal in resistance to 
H a known resistance repre- 

iH justed coils in parallel. 
^B The l>ar to be nieiisured is 
^ held securely by c-lampa 




^H r.(. 




Z»(Fig.33). ItisiKU-allcl 


1 
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to a scale U^ which is read by a vernier to l-20th mm. 
The sliding contact may be clamped by the screw H to 
the rod which carries it, and a slow motion may then be 
given to it by the nut J working against the spring Y. 
The commutator K commutes both the known resist- 
ances and the battery, either simultaneously or sepa- 
rately. The adjusted coils are inserted in parallel by 
means of heavy copper links dipping into suitable mer- 
cury cups in large masses of copper. The battery and 
galvanometer are connected by means of binding-posts 
at the back of the instrument. The method of operation 
is precisely the same as in the Carey Foster method. A 
known difference of resistance is laid off on the bar to 
be tested, and the length of the bar between the two 
contacts is measured by means of the scale and vernier. 
The measurement is independent of the contacts on the 
bar. 

48. Insulation Resistance by Known Potential 
Differences.^ — This method of measuring a high resist- 




H^liHIiillii 



Fig. 34. 



ance consists in comparing the current sent by a given 
P.D. through it with that sent through a known resist- 
ance by a fraction of this same P.I). A ix)tential 



* Ayrton's Practical Electricity ^ p. 278, 
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difference may be subdivided into known fractions by 
causing a steady current to flow through a very high 
resistance with known subdivisions. Then the P.D. 
between any two points ST (Fig. 34) bears to the P.D. 
between the points ML at the extremities of the 
high resistance the same ratio that the resistance of 
the part ST bears to the whole resistance ML. 

Let the entire P.D. between L and M be employed to 



M 





Hlllllllillll 



-fia- 



Fig. 35. 

send a current Ii through the unknown high resistance x 
and the galvanometer G (Fig. 35). The galvanometer 
must be one of the highest sensibility. Next let the 
P.D. between L and T (Fig. 36) be employed to send a 
current through the known resistance r, and the galva- 
nometer shunted with resistance s; r must be large 
with respect to q. Let the current through the galva- 
nometer be J^. 

lo q x + ff 8 



Then, 
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Whence, x-\-g=- 



and 



li q\ 8+ff/ « 

-5 ? \ S + ffJ 8 




tmrnm 




^ 



miip|ip|i|iiiiii 

Fig. 36 



If ^^ . may be neglected in comparison with r, and ff 

8 + g 

in comparison with «, then 

A q s 

or, if Ii and J^ are proportional to the deflections of the 
galvanometer in the two cases, 

di q 8 

Example. 
r = 250,000 ohms ; p = 10,200 ohms ; rfi = 48.2 ; 

5 = 1; g = 200ohms; ^ = 38.0. 

_ 10,200 X 38 ^X_2jO,000_XJ^O _ ^00.6 X 10« ohm^ 
200 X 48.2 - 
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49. Insulation Resistance by Direct Deflection. — 
When the constancy of the battery cannot be relied on, 
it may be found advantageous to proceed as follows: 
First find the figure of merit of the galvanometer (Art. 
29), i.e., the current which will produce a deflection 
of one division of the scale. The galvanometer then 
becomes an ammeter, and may be used in connection 




H^iH 



Fijjr. 37. 



with a voltmeter V.M. (Fig. 37) to measure the un- 
known resistance x. If the xV? tott? or Ywm shunt is used 
with the galvanometer, its figure of merit is correspond- 
ingly increased. Let F equal the figure of merit, d the 
deflection with x^ as in the figure, J^the number of volts 
shown by the voltmeter, and g the resistance of the 
galvanometer. Then the current is Fd^ and by Ohm's 
law 



g^x=z 



Fd' 



or x = 



"=ja-^- 



RESISTANCE, 



87 



Test of a Piece of Common Line Wire, 

Diameter over insulation 8.2 mm. 
Diameter of bare wire 4.13 mm. 
Length under water 90 ft. 

r = 250,000 ohms. E.M.F. of Clark cell 1.434 volts. 5 = 



di = 143.4 mm. 

Figure of merit (with shunt) = 



1.434 






= 0.000,000,04 



143.4 X 2d0,000 
ampere per mm. = 0.04 micro-ampere per mm. 

Figure of merit (without shunt) = 0.0004 micro-ampere per 



mm. 



Time after 


Volte 


Deflections 


1 

' Current 


. Insulation 
' resistance 


, Resistance 


immersion. 


shown by 


in 


In 


in megohms 


h. m. 


voltmeter. 


millimetres. 


raicro-amperes. 


in 
megohms. 


per mile. 


: 00 


50.2 


176 


0.0704 


713 


12.2 


05 


50.2 


165 


0.066 


761 


13.0 


10 


50.2 


160 


0.064 


784 


13.4 


15 


50.2 


160 


0.064 


784 


13.4 


27 


50.2 


177 


0.0708 


709 


12.0 


30 


50.2 


184 


0.0736 


682 


11.6 


1 : 00 


50.2 


232 


0.0928 


541 


9.2 


2 : 35 


50.2 


670 


0.268 


187 


3.2 


5 : 00 


50.5 


1925 


0.77 


65 


1.12 


27 : 00 


66.5 


38000 


15.2 


4.37 


0.075 



In the column of ** Deflections in millimetres," the larger num- 
bers are the products of the deflections and the multiplying power 
of the shunt. 

60. Insulation Besistance by Leakage.* — The 
method consists in charging the cable as a condenser, 
letting it leak for a few observed se(^onds, and then 
charging to the full potential again by connecting 
through the galvanometer. 



^Electrical Engineer, May 20, 1891, p. 565. 
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First. To find the constant of the ballistic galva- 
nometer Gr (Art. 97). This may be done in two ways. 
The first consists in charging a condenser of known 
capacity by a known E.M.F., and then discharging 
through the galvanometer. Let the apparatus be set up 
as shown in Fig. 38, in which jK' is a charge and dis- 
charge key, C is 
the condenser, 
and G the galva- 
nometer. The 
l)iittery B may 
be a standard 
cell, the E.M.F. 
of which is 
known. Then if 
Q is the quantity 
of electricity dis- 
charged through 
the galvanom- 
eter, C the capacity of the condenser, and E^ the E.M.F. 

of the cell, 

Q=CE,. 




Fig. 38. 



If the deflection is c?, , 



and 



CE, = Ted, , 



h = 



d. 



The other method^ involves the exact measurement 
of a current. A long magnetizing coil is uniformly 
wound on a wooden cylinder or other non-metarllic core, 
the diameter of which is accurately known. Over this 



^ EwiQg's Magnetic Induction in Iron and other Metals ^ p. 62. 
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primary, at the middle of its length, a short secondary 
coil is wound and put in circuit with a ballistic galva- 
nometer. 

Let A be the mean area of cross^ection of the primary 
coil, and let n be the number of turns in it per cm. 
length. Then if a current of /amperes be made to pass 
through the coil, the magnetic flux or induction within 

it near the middle is per square centimetre,^ and 

the total number of lines of induction within the coil is 
iirlnA 

If iVis the number of turns in the secondary and r 
the resistance in the circuit of the galvanometer, then 
the quantity of electricity in coulombs passing dur- 
ing the flow of the transient current in the secondary, 
when the primary circuit is made or broken, is 

AVhence k = — — . . 

rd^ X 10" 

The first method requires a knowledge of capacity and 
E.M.F. ; the second requires a knowledge of current and 
resistance in addition to the dimensions of the coil. 

Second. The operation with the cable as a condenser. 
The apparatus must be set up as indicated in Fig. 37. 
The coil is immersed in water contained in a tank 7, 
lined with sheet copper. P is a short^iircuiting key. The 
entire circuit should be as well insulated as possible ; but 
in any case particular care should be taken to insulate the 

1 Stewart and Gee*9 Practical Phyiica, Fail II., p. 328. 
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riids of till* coil. The end whieh is not used should be 
scjiUmI, and there should Ik* enough of the coil out of 
water at lK)th ends to avoid leakage along the surface. 
If an ad<litional wire is used to connect the coil to the 
key* gi'cat care nnist 1k» taken to iiLsulatc it. It may k 
suspended h\ a silk thread. The insulation of the kev 
wlicn oj)cn shouhl also Ikj very good. A charge and 
dischai'gc key is satisfactory for this purpose. 

Then with the swit<^h at P closed, charge the coil as a 
condenser hy pressing the key K. Since a part of the 
charge is aUsorhed, constant results will not be obtained 
unless the key In? kept closed for a long time, several 
houi-s at least. If the usual rule of one minute l)e 
adopted, the insulation resistance will appear to be lower 
than it really is. However, on tlie first test of ain insu- 
lated wire it is not advisable to attempt to obtain con- 
stant results fi'oni the start, as poor insulation may: 
(completely fail before such a condition is reached. There- 
fore, if a first test is being made, charge the coil for a 
short time with P closed ; next open the circuit for an 
observed number of seconds, and meanwhile open P> 
Then again close JT, thus causing the quantity of elec- 
tricity Q^ required to replace the part of the charge 
which is lost by leakage or is al)Sorbed, to pass in 
through the galvanometer. Let di be the deflection 
produced by §, and E.^ the E.M.F. of the charging bat- 
tery. If we make no allowance for the part absorbed, 
the integral of the leakage current /for the time t must 
equal Q. 



Then Q =J^Idt =f^i dt. 



R 

in which R is the insulation resistance sought. If 
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during the time of leakage the (hflfereiice of i>otential 
has fallen a negligihle amount only, then 

■ 

or Ii — z' . -,-. 

k do 

Suljstituting tlie value of Jc from tlie fii-st metliod, and 

If we use the value of k ohtained hy the second method, 

P_ E^ di rt ^^,j 

If C in the first formula al)ove is in microfamds, R 
mil be expressed in megohms. 

In the second if / is in amperes, li will be in ohms. 

Example. 

Test of a Piece of Grinishaw Wire, 

Diameter over insulation 5.6 mm. 

Diameter of bare wire 2 mm. 

Length under water 200 ft. 

C =0.1 microfarad, rfi = 129 mm. 

El = 1.44 volts, k = 0.00112 micro-coulomb per mm. 

E2 = 57 volts throughout the test. 
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Time after 
immersion, 
h. m. B. 


Intervals in 
seconds. 


Deflections 
in mm. 


Deflections 
Intervals. 


Insulation 

resistance in 

megohms. 


: 30 


• • • • 


• • • • 


• • • • 




1 : 00 


30 


43 


1.433 


35780 


1 : 30 


30 


25 


0.833 


61540 


2 ; 30 


60 


34 


0.567 


90500 


3 : 30 


60 


24 


0.400 


128100 


4 : 30 


60 


18 


0.300 


170800 


5 : 30 


60 


15 


0.250 


205100 


6 : 30 


60 


14 


0.233 


219800 


7 : 30 


60 


11 


0.183 


279700 


• • • • 


• • • • 


• • • • 


• • • • 




13 : 30 


• • • • 


• • • • 


• • • . 




15 : 30 


120 


15 


0.125 


410200 


17 : 30 


120 


14 


0.117 


439500 


19 : 30 


120 


12 


0.100 


512400 


• • • • 


• • • • 


• • • • 


• • • • 




58 : 00 


. • « • 


• • • • 


• • • • 




1 : 00 : 00 


120 


8 


0.067 


769200 



The charging of the cable was begun thirty seconds after 
immersion. 

This example gives a good illustration of the absorp- 
tion of the charge by an insulated wire. This absorption 
will sometimes continue for hours ; and if the insulation 
is really waterproof, the highest value — which is the 
real value — will be obtained only by electrifying the 
wire until the absorption ceases. 



51. Second Method of Insulation Resistance by 
Leakage.* — This method is particularly applicable to a 
resistance having capacity, such as a cable immersed in 
water. Let this capacity be C microfarads. Let V be 
the P.D. between the two surfaces at the instant when 
the charge is Q. Then 



Q= CTand 



dQ_ ndV 



dt 



C 



dt 



Gray's Absolute MeasuremenU in Electridty and Magnetism f p. 253. 
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m 



But ^= ^ = It where R is the unknown resistance 

dt R 

through which the charge leaks. Therefore, 



dt R 



n dV , dt ,1 

t 



Integrating, log^ V-\- y~ = constant 

CR 

If the P.D. = Vo when t = 0, then 

loge Vn = constant^ 

and log, K. - log, V= ^; , 

1 , 



or 



R = 



l-g-5 



To determine the ratio of Fi and F", thcj coil or i'n\fU^ 
is charged as a condenser, and then iuiuiedittUjIy <liM» 
charged through 
a ballistic galva- 
nometer, and the 
deflection is 
noted (Fig. 39). 
The coil is again 
charged to the 
same potential 
as before, and is 
then insulated 
and allowed to 
leak for an ob- 
served number 




f 'f. »*/ 



* This equation may be put into tbe ton T*— F^^ »//^ Mt4 ikm 
expresses the law accordinor to which the pntolifal 44m ^fu4^umr y«rk« i 
the time. 
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of seconds ; and finally it is discharged through the gal- 
vanometer. The deflections, if moderately small, are 
taken proportional to the P.D/s of the coil at the times 
of discharge. If the capacity is expressed in microfarads, 
and common logarithms are used in the reduction, then 



^ log,o^"x 2.303 

where R is expressed in ohms. But if it is desired to 

express R in megohms, then the multiplier 10^' is omitted. 

The chief difficulty with this ^method arises from the 

absorption of the charge hy the dielectric. The second 

deflection may in consequence be larger than the fii-st. 

This difficulty may be avoided in part by first charging 

the cable and allowing it to leak for say twenty seconds, 

and then discharging through the galvanometer. Then 

charge again and allow the leakage to extend over a 

longer period — say forty seconds — and then discharge 

again. The ratio of the deflections may then be taken 

as the ratio of the potential differences Fi and V^ the 

time ^. being the difference in seconds of the two periods 

of leakage. 

Example. 

Observations : A coil of 1000 ft. of insulated wire was charged 
with one cell, and the discharge through the galvanometer gave 
a deflection of 123 mm. 

The coil was again charged, and after leaking 120 seconds the 
deflection was 115.8 mm. (as a mean of five observations). 

The capacity of the coil was 0.082 microfarads (Art. 97). 
Calculation : 

^^J20 1 120 1 . 



0-^82 , „ 123 0.082 ,^^ 123 ^ o qao 

or ^ = 2.4251 X 10* megohms. 

Therefore the resistance per mile is 24251 -5- 5.28 = 4593 meg- 
oAjns, 
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52. To measure a Resistance by the Fall of Poten- 
tial Let AB be the resistance to be measured ( Fig. 

40), and let an ammeter Am be placed in series with 





^A/WVVVv| 



Fig. 40. 

it. Let Vm be a voltmeter of high resistance to measure 
the P.D. between A and B, Read simultaneously the 
two instruments. Let /be the current and T^the poten- 
tial difference between A and B. Then by Ohm's law 

Example I. 

Required the Resistance of the Secondary of a 12.6 Kilowatt 

Transformer, 

Apparatus : A mllli-ammeter and a milli-voltmeter. The 
resistance of the milli-voltmeter was relatively high compared 
with the resistance to be measm'ed. The scale read both ways 
from the centre. Hence to eliminate errors of the scale and zero, 
the milli-voh meter was read first on one side and then on the 
other. Also the current was reversed through the resistance. 

Amperes. Volts. 

1.23;) { .0060 Direct. 

1.249 !- .0061 Reversed. 

1.245 } .0060 Reversed. 

1.255 { 0062 Direct. 

1.260 { 0060 Direct. 

Means, 1.2468 .00606 

== .00486 ohm. 
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Example II. 

McasunmftU of the Resistance of an Edison Lamp. 

'VUv ()I).s(*rva(ions of volts and amperes were made with the 
lamp at tlie ;;^iven candle-power; the resistance of the lamp was 
th,*n calculated for each set. 





Observed. 




Calculated 
Resistances. 






1 


<'aiidl(> PowtT. 


Volt*. 


Amperes. 




.Tl» 


1 

U.6 


.710 


48.7 


l,:t«) 


a7.i 


.770 


48.2 


1.H4 


:i9.4 


.824 


47.8 


:j.71 


42.5 


.920 


46.2 


7.20 


47.0 


1.028 


45.7 


V.iM 


50.3 


1.140 


44.1 


20..'U 


54.0 


1.240 


43.5 


:u.i:j 


57.3 


1.350 


42 4 


:j.').2<) 


58.7 


1.380 


42.5 



53. To measure the Internal Resistance of a Bat- 
tery — First Method. — The following method of mean' 
iiriiig the internal resistance of a battery is speciallj 
applicable when this resisttmee is very small, as in 
ciise of a secondary cell, or a series of such cells, 
requires a suitable voltmeter and air meter with 
resistance to give the current a convenient value. 

Let B be the battery (Fig. 41), Fm the voltmeter, 
the ammeter, li the resistance in the circuit, which m 
not be known, and let r be the internal resistance to 
measured. Fii-st measure the P.D. between the te 
nals of the battery with the key K open, and let it 
represented by U. Then close the key, and read sim 
taneously and quickly both Am a:i:l Vm^ and let 
current and P.D. be J and JS\ Then 



£=JE' + Ir, 
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ijl 



in which Ir is the loss of potential within the cell due to 
current /passing over the resistance r, and JS is the fall 
of potential over the entire circuit. 



Whence 



r = 



If the battery consists of several cells, r is the sum of 
the internal resistances of the series. 




Vm 



B 



ll[||[|lHl^[ll^J 




K ^ 



Fig. 41. 

In the case of a storage battery this method may be 
slightly modified by measuring the charging current and 
the P.D. between the terminals of the battery simulta- 
neously ; and then, after opening the circuit, measuring 
the P.D. or E.M.F. again. Then if JE' is the P.D. 
during charging, U the E.M.F. of the battery on open 
circuit, I the charging current, and r the internal resist- 
ance of the series of cells, 

since the difference between the two voltages is the 
E.M.F. required to maintain the current I through the 
resistance r^^ ' ^'^ttery. 
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Example. 

It was desired to find the internal resistance of a storage battery 
of 36 cells. The battery was joined up in series with an ammeter 
and sufficient resistance to give (a) 5 amperes and (6) 10 
amperes. The voltage of the battery was measured w^hile giving 
these currents, and immediately afterwards on open circuit (ex- 
cept for the voltmeter of 19,560 ohms resistance). 

Amperes. Volts. Internal resistance. 



(a). 


5 


71.5 









72. 


0.10 


(b). 


10 


70.9 









71.8 


0.09 



Mean, 
Resistance of each cell, 0.0026 ohm. 



0.095 



64. Battery Resistance — Second Method. — Form 
a circuit with the battery and a high resistance of 10,000 
ohms or more (Fig. 42). Let a derived circuit be taken 

from two points 
on this high re- 
sistance with 
only a small 
part of the whole 
resistance be- 
tween them ; or 
a small a d d i - 
tional resistance 
Jii may be added 
to the high re- 
sistance, and the 
derived or shunt circuit may be joined up round this so 
as to include a d'Arsonval galvanometer (?, as shown in 
the figure. If the galvanometer is a sensitive one, the 
resistance JBi will be so small that no shunt to render 
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the galvanometer "dead beat" will be required. A 
circuit is also formed so as to close flie batUny tlirougli 
a small resistance R of from one or two to five olnns. 

Proceed as follows: Let di be the deflection of ihc 
galvanometer when the circuit is closed tln-ough tlu^ 
high resistance, the key jK' being left open ; and U;t dj ha 
the deflection when key K is closed. The two deflections 
are proportional to the currents through the galvanoineUir, 
and therefore to the P.D.'s at the terminal*; of /i, , 
with K open and closed respectively. Since Ri beam 
a constant ratio to the entire resistancsi in circuit, tlie 
deflections di and do are proportional to the IM).'s at 
the battery terminals in the two caseH\ 

Hence dr. d,:: F: I? :: M+ r: 7i. ... (1) 

When the key K is open the P.I), at the battery t(;r- 
minals, measured by c?i, is the entire E.M.F. of the cell 
if its internal resistance is negligible in comparison 
with the high resistance in circuit; and when K is 
closed the P.D. measured by do is the fall of potential 
over the external resistance M. Now if the E.M.F. of 
the cell does not change immediately on closing K^ then 
the fall of potential over the entire resistance M + r 
is the E.M.F. of the cell. We may, therefore, put the 
two deflections proportional to the two resistances. 

From (1) by subtraction, 

di — do : d.^ :: r : R. 

Whence, r—li -1- - - . 

do 

It is necessary to use a "dead l)eat" galvanometer, or 
one which swings back to zero or takes a deflection 
corresponding to the cui'rent through it without swing- 
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iii^ l>iick and forth, in order that the reading for rfj may 
Ik' takt»n qnickly aftc»r closing K, and before polarization 
has changed the value of the Pi.M.F. of the cell. The 
d'Arsonval galvanometer is therefore recommended for 
til is pur|)ose. 

Example. 

R di 

. 5 64 

. 10 64 

. 6 76 

. 10 74 



Daniell cell . . . . 

44 44 

Gassiier's dry battory . 



di 


r 


35 


4.14 


45 


4.22 


22 


12.04 


33 


12.42 




55. The Condenser Method of measuring: Battery 
Resist€uioe. — Ix3t -B Ixi the l)attery to be experimented 
upon (Fig. 48), C a condenser, and K a charge and dis- 
charge key, discharging 
on the upper contact. 
When K is depressed 
the battery charges the 
condenser ; when K is 
released and makes con- 
isjc tact on the upper point, 
the battery is discon- 
nected and the condenser 
is discharged through 
X the galvanometer ff. 



K 



B 



K, This must be ballistic 
Fig. 43. or slow-smnging, so that 

the lii'st swing may be 
easily read ; and it must have but little damping. 

The operation consists in charging and discharging, 
first with the second key Ki open, and then with it closed, 
and noting the deflections di and do- 

The deflections are taken as pix)portional to the quan- 



•^ 
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titles of electricity discharged if they are not Uh} hirg(», 
and these quantities are proportional to the two IM)/h. 
Hence the deflections are proportional to the P.D.'h and 

di : d^i : It + r : J{ 

as before (Art. 54). 



Also r = R 



>h 



The key K can be operated so quickly tliat Ki need 
not be kept closed long enough to permit appreciabhi 
polarization. 





R 


di 


(h 


r 


Gassner's dry battery 


. . 


i:]0 


6G 


4.85 


Crowdus dry battery . . 


. . 1000 


83 


47 


7G6.6 



In the ease of the Crowdus battery 5 ohms were tried at first, 
but no appreciable deflection was obtained for do , showing that 
the internal resistance was extremely large in comparison with 6 
ohms. The cell was an old one nearly exhausted. 

QQ. Value of R for Least Error. — To detennine 
the conditions of highest acciu-acy it is necessary to con- 
sider the effect of an error in observing both d^ and c/g • 

Employing the general principle of Art. 36, find fii^it 
the partial derivative of r with respect to di. It will 
have the minus sign, because r increases as di decreases. 
From the equation 



d 



2 



we liave F=-f -- = Bf -^, 



bdi ■' d\ 



but B = r--^. 

«! — Clj 
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ll.nce, F=rf. / 

Finally, ^-=f ^' 



This is tin* relative error in ?• due to an error /in 
(iliservin^^ dj. It is a niininmni when the denommator 
is a niaxinnnn, since r/i is now considered constant. 
Hut the denoniinatoi* consists of two factors whose sum 
is a constant, or 

rA, + (tZ, — dS) = d\- 

Now, when the sum of two factors is a constant their 
])i()duct is a niaximum when they are equal to each 
other, or in this case, when do= f?i — rZ_,, or when dj = ^dr 
'11 lis means that ]{ shouhl l)e eciual to r. 

To estimate the influence of an error/ in (7i, find tlie 
derivative of r with respect to di. 



6(1 i ' d.j d>j (^di — dj^ 

Since this expression hfis the smallest value when 
d^ = 0, or when the cell is short-circuited, the condition 
is inapplicahle. 

In case the errors in cli and dj are equal and of the 
opposite siiin^ then adding the corresponding values of 
the resulting errors, 

rf d> (til — d.?) 

To find when this is a minimum, consider dx constant 
and differentiate the fraction with respect to di thus : 

^ {F\ d. (di ~ ci.) - (dy + d,') (di - 2t?0 _ 



liBaisTAXCt:. 103 



Hence (rf i — d^y = 2fi\ , 

or ill — dj = ^l^/^ . 

Therefore, J, ^ d. (1 + y/2) r= 2.4142/7,, 



or tl, — 



_ '?! 



2.4142 



The resistance M should tlieu l»o alnrnt ^ /*. 

Finally, if the equal errors in r7, and d^ are of tlie 

same sign, then 

F_ d,-d, _1 

rf rfi(^i — ^7:;) d.. 

This expression is a minimum when d., is gi^eatest; 
that is, when d2= di^ or when the external resistance is 
infinite. This is clearly an im|)ossihle condition. 

In this particular problem an error in (7, is nnich less 
likely to occur than in d^ . A series of readings can be 
taken with the battery circuit open, and the mean will 
be di . But ds is dependent to a considerable extent on 
skill in manipulation, and is affected by polarization ; 
hence an error in it is much more likely to occur than 
in di. It appears better to consider d.^ oidy as the 
variable. The result is that M should equal r for high- 
est accuracy. 

The problem has been solved usually on the assump- 
tion that if the errors in di and d^ are of opposite sign, 
the resulting error F will l)e a maximum ; and the con- 
dition is then found for the relation between It and r 
which gives the smallest value of F, The result is 

''■ = 274142 '^ ^^'''- 

But here a special assumption is made axvOi ^ ^e:wfe\^ 
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conclusion is drawn. There is no good reason for the 
iissuniption that the errors in di and d^ will be equal, 
and es|)ecially of op|)08ite sign. 

A preliminary measurement of the resistance r can 
iii"st 1k^ made, and then a second one, with M nearly the 
same a»s the preliminary value obtained for r. If r is 
([uite small this should not be done, since a small 
extcnial resisttince will |)ermit rapid polarization, and 
the error thus introduced may be greater than the one 
we seek to avoid. 

In general, therefore, the principle can be applied only 
to batteries of high internal resistance, or to those which 
do not polarize rapidly. 

67. Variation of Internal Resistance with Current. 
— The internal resistance of a voltaic cell, even at a 
constant temperature, has not a fixed and definite value, 
but depends upon the current flowing through it. The 
preceding methods of measuring this internal resistance 
enable one to determine what is the available potential 
difference at the battery terminals with a given resist- 
ance in the external circuit, or with a given current flow- 
ing. The resistance measured is a quantity satisfying 
the equation 

73 J& lb' JFJ E' t 

'• = ie^^, or __=_=/, 

where r is the internal resistance corresponding to a 
current /. 

To determine the dependence of r upon J, the con- 
denser method may be employed, using different external 
resistances in succession. The examples following illus- 
trate the great variation in r which is sometimes found: 
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Example I. 

Gassner's Dry Battery. 
jr=:= 1.213 volts. 



di 


di 


R 


r 


/ 


i71 


258 


400 


21.5 


.0028 




249 


200 


17.7 


.0056 




238 


100 


13.86 


.0106 




227 


50 


9.69 


.02(K) 


271 


223 


40 


8.6 


.0249 




218 


30 


7.3 


.0:124 




212 


20 


5.56 


.W7a 




204 


15 


4.93 


.0607 




194 


10 


3.96 


.0H68 


271 


172 


5 


2.87 


.1538 


^ 


164 


4 


2.59 


.1838 


270 


153 


3 


2.29 


.2289 



Example n. 

Daniell Cell. 
^=1.1 volts. 



di 


d'2 


R 


r 


/ 


246.5 


216.4 


40 


5.56 


.024 




208.7 


30 


5.43 


.031 




194.2 


20 


5.39 


.043 




181.8 


15 


5.34 


.054 


246.5 


161.8 


10 


5.24 


.072 




148.4 


8 


5.29 


.083 




132. 


6 


5.21 


.098 




121.6 


5 


5.14 


.109 


246.5 


108. 


4 


5.13 


.121 




91.8 


8 


5.06 


.137 




70.5 


2 


4.99 


.157 


246.5 


42.5 


1 


4.80 


.190 
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These results are plotted in Fig. H, wilh internal resistances 
as ordinates and currents as abscissas. The Gassner cell shows 
a much larger decrease in the internal resistance than the Daniell 
celt for the same mnge of current. The scale of internal resist- 
ances for the Daniell is twice as large as for the Gassner. 
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68. Auxiliary Apparatus for the Oondeuser 
Method. — In applying the condenser method to the 
measurement of internal resistance, or to the determina- 
tion of polarization in an electrolyte, it is essential for 
quantitative comparison that some mechanical means be 
adopted to control the time during which the circuit is 
Icept closed. It is perhaps equally important that the 
condenser should be discharged as soon as possible after 
charging, and Itefore it has lost appreciably by leakage. 
'J'lie pendulum apparatus of Fig. 45 meets the require- 
ments admirably. For the principle employed the authors 
are indebted to Dr. Milne Murray, of Edinburgh. 
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A rectangular frame carries at the bottom a heavy 
pendulum bob adjustable in height. The time of vibra- 
tion of this pendulum is about one second. Tlio bob is 
held in place 'by a detent in the position shown. When 
.t is released it swings between two parallel circular arcs, 
oncentric with the axis 
of suspension. The dis- 
tance apart of these arcs 
is a little less than the 
length of the lower cross- 
bar carrying the heavy 
bob. They support four 
keys, which can be 
clamped at any desired 
points. The keys have 
an upper and a lower 
contact like a simple 
discharge key. When 
the key lever is erect, the 
key makes contact on 
the lower point; and . 
when the lever is thrown 
over by the crossbar of 
the pendulum as it 
swings forward, the key 
makes contact on the upper point. These keys can be 
set in any relation to one another which may be desired, 
and their operation is controlled entirely by the pendulum. 
Thus the time during which the battery is kept closed 
through the resistance It may be made very short, and 
the condenser may be charged and discharged during this 
short interval of time. By this means polarization is 
reduced to a minimum and uniformity is secured. 




Fig. 45. 



108 



ELECTRICAL MEASUREMENTS. 



The connections for making a measurement of internal 
resistance are shown in Fig. 46. The pendulum is sup- 
posed to swing from left to right. When it strikes the 
lever or detent of key Ki contact is made on the upper 
point, and this closes the battery circuit through a known 
resistance M. The overturning of the lever key K2 puts 



K, 



K, 



y\. 




Fig. 46. 

the two terminals of the battery in connection with the 
condenser 0. When the pendulum reaches K^ and 
overturns its detent lever, the battery is removed from 
the condenser, and contact on the upper point causes a 
discharge through the galvanometer (?. Finally, on 
passing K^ the pendulum operates this key and opens 
the battery circuit. To charge the condenser with the 
total E.M.F. of the battery, it is only necessary to leave 
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the levers of JEi and JT* thrown forv+r;. 
then remains open. After ea«:h rf^Ai:.:.vs; -•• y i^- 
is brought back to the detent at r.ir.K -*r:r. **.i: ^..' .• ■ •' 
are then setup in the orJerin -wh^i^i:. *:i^r <:•, ./ ,« 
over by the pendulum. 

It will be ob6er\'ed tliat thf: r4irr>ri-/ .;• ,. ' \'^ 
when the levers of ke\-» K ac.r: K, ^r< /,•. . . ^ .. 
when they are both thro^Ti ov*>* -w v>.. '.' j <.-•< y. 
ment may be reverse^I 9k> lY^t *.v,^, -.y ,.\ .* >"/. . •-. -• 
the same cireumtttanceM. n.iA ^. \^A':, \x.. . .. . / '..., 

interval required for the jy^r*rl — .v. v, ;,«<v>.- ^ - , . . /f ' / , 
K^, This last arranffernent ^* ,**'i .. ,/. -/■'' .:.y 



t . A . 



E.M.F. of a cell while midf:: •><-:*, ir,/ '/,.a:,/a' ,t.,. 'i ..-. 
condenser is then (:\isxv^^A a:/, '\,*^.:.Ar/'< *>,.,. f. '.' 
battery circuit is ojjen- ari*'! v>: 7^/y,'*::; U',t:, y,,Ai./,... 
tion will Ije negligible ^JuKr,;/ ';.,< <;,/.?r ,,'.*>:; */;,. !•. ..-. 
essential that the platiniirn f/,c,*yu,*A '/? •./,/; />:;/.•. .:;.'/i.'i 
be kept strictly clean. 

59. Resistance of El^jctrolyt^ Fir«t JAtsthfA . - 

All conducting liquid-^ an; <:i'r';f.ro*;,t>r<r. ':/'Mr(/t Uii'itMij 

and molten metaU; that L-;. th<; (/air^aj/<r of a fMVM.ui 
through them Is accomj^iriied hy the tU-j-oiuiMmiiuni 
of the liquid coiiHiurtor. If the raU; of de<;oiiij/^;«itioJi 
exceeds the rate of difTiusion of the ions or pn/'bj'rli* of 
the electrolysis, so that they accumulate ou tlie chM- 
trodes, the result is a counter E.M.F. of {Xilari/atioii. 
This i^.M.F. interferes with the measurement of (flcrtro- 
Ij-tic resistances by the most simple means. 'I'he most 
usual method of annulling its effect is to employ rapid 
reversals of current or an alternating current of high 

frequency. 

For this j ^uble commutator on one shaft is 
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a[i|)lica)jle. Tiio abaft shoiilil be capable of rapid rola- j 
tiiiQ by means iif a crank and a train of geare. Ow 
commutjitor is iiiL-liidetl in the battery circuit and da 
tither in that of the galvanometer. Tliey should be set 
BO that the current is reversed through the liquid at ti» 
same time that the galvanometer is commuted. Th* 
current reversals are supposed to be so frequent that 
jK)1arization is annulled. The apparatus is shown iB 
Kg. 47. 




L 



For the purpose of relative measurement of resiatamn 
or conductivity, comparison or standard Bolutions tiW 
needed. The following are recommended by F. KoW 
rausch ' as good conducting solutions, having a condM 
tivity denoted by k at the temperature of ( degrees C; 

NaCI, 26.4 per cent, sp. gr. 1.201. 
k = 2015 X 10-' + 45 X 10-" (£ — 18). 
MjSO,, 17.3 per cent, ap. gr. 1.187. 
A = 460 X 10 -" + 12 X 10 -' ((- 1 **)■ 

1 Wkil. Ann. II., p. G:i3, 1880 ; I-hgi. ifeaa., ji, 320. 
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These conductivities are relative c'oinpared with iiier- 

emy at 0° C. But the specific 

conductivity of mercury is 1063 

X 10^^ C.G.S. unite. Hence the 

conductivity of the above solu- 
tions in C.G.S. unite may be 

found by multiplying the value 

of k by 1063xl0-«. 

To measure the conducti\dty of 

any liquid one of the standard 

solutions is first placed in the 

appropriate vessel (Fig. 48), de- 
signed by Kohlrausch. It is well ng. 48. 

to be provided with several of 

these vessels, with connecting tubes of different cross- 
section, adapted to 
liquids of different 
conductivity. 

The electrodes are 
platinized platinum, 
with their lower sur- 
faces convex. Let 
this li(pii(l resist- 
ance be connected in 
one of the arms of 
the bridge, as Mi 
(Fig. 49), and let 
7?_., y^.j, and 7^i be 
non-inductive resist- 
ances. The contin- 
uous lines indicate 
permanent connec- 
tions \\mi\^^ \Xi^ Q,^\«v- 
1 

Fiff. 49. ll\Uta\X)T \>e" 
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i\(iiti}i\ lines temporary connections outside. Then if the 
commut^itor is rapidly rotated the circuit through the 
^alviinoniettT is reversed simultaneously with that 
through the liattery and resistances. Hence the cur- 
rents through the galvanometer are rendered uni- 
directional. 

The resistiinees are then adjusted to balance, and the 
same relation suljsists between them as in the case of 
st<3ady currents. Next, fill the vessel with the electro- 
lyte to Ixi meiusured and balance as before. The ratio of 

ft/ 

the two resisttmces will l)e the relative resistance of the 
two liquids, and their conductivities will be inversely as 
these resistiinces. 

Example. 

Standard solution : NaCl, spec. grav. 1.201 at 18® C. 

Let kx equal the conductivity to be measured. The electrolyte 
was placed in one arm of the bridge, and two incandescent lamps 
in another. Two resistance boxes, A and B, were in the other 
arms. Call the resistance of the lamps E. Then if r and r' are 
the resistances of the two solutions, 

^-^B' B'' 



Whence 


k. 


, A B' 
^^B' A'' 


Observatio'ns : 






With standard solution. 




A 


B 


A 
B 


290 


2000 


.1450 


263 


1800 


.1461 


219 


1500 


.1460 



Mean, 



.1457 



Temperature 18.8® ; k = 2180 X 10'"- 
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Blectrolyte. 


Temp. 


Spec. Grav. 


A' 


B- 


ZnSO^ 


17.8* 


1.0502 at 18.3* 


1470 
1754 
2053 


1000 
1200 
1400 


ZnSCk 


18.» 


1.25^3 at 18.2* 


737 
1090 
1484 


1000 
1500 
2000 


CuSO* 


17.8* 


1.0317 at 18.8* 


1840 
1377 
1155 


800 
600 
600 



AB* 
BA'' 



(■onductivlty. 



.IS 



.0902 1 21rt X 10 



.T.>7 I 430 X lO"'* 



.(Muw i:w X i<> 



-13 




a 

l-AAAAr 



60. Resistance of Electrolytes — Second Method. 
— Instead of a double commutator and a galvanometer, 
an induction coil or 
a sine inductor and 
an electrodynamome- 
ter (Art. 67) may be 
employed. This is the 
method of Kohlrausch. 
If the induction coil is 
used it should be one 
with a solid iron core, 
to avoid the great 
difference in the value 
of the direct and in- 
verse currents due to 
a wire core.^ 

Let / be the induc- 
tor (Fig. 50), U the 
electrodynamometer, i? a post-office bridge, and V the 
electrolyte. The electrolytic resistance is one arm of 
the bridge. The fixed coil of the electrodynamometer 
is in series with the main current, while the movable coil 



AAAAAA- 




Fig. 50. 



^TrofoBSor Daniel f Physical Rev.^ Vol. 1., "No. 4, ^.IW, 
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is connected in place of the galvanometer to the two 
ends of the proportional coils, a and b. By this means 
resistances can be measured to several significant figures. 
The sensibility is increased by increasing the current and 
shunting the bridge by a suitable resistance c d. 

The sine inductor may be used in place of the induc- 
tion coil. It may consist of a stationary Gramme ring, 




inside of which rotates a two-pole field-magnet. Con- 
nection is made with the wire of the ring at two oppo- 
site points. This constitutes a simple alternating current 
generator. It may be driven by a direct current motor. 
If conductors are led off from four equidistant points 
on the ring, each pair of conductors, 180° apart, compose 
an alternating current circuit, and the generator is then 
two-phased (Fig. 61). 
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Example. 

Source of current, the sine inductor. E.M.F., 10 volts. 

The elei^trodynamometer contained two fixed coils. These 
were joined in parallel with one another, and the whole in par- 
allel with a Wheatstone's bridge. The movable coil was con- 
nected to the two ends of the proportional coils of the bridge. 

Standard solution: NaCl, spec. grav. 1.201 at 18® C. 

Observations : 

With standard solution, r = 41.47 ohms. 
Temperature, 24.4° C. ; A; = 2410 X 10-". 



Slectrolyte. 


Temp. 


ZnSO* 
OuSO* 


24.1 
23.0 



Spec. Grav. 



1.0502 at 18* 
1.0317 at 18.8* 



444.1 
662 



r 
r' 

.09338 
.06325 



Conductivity. 

225 X 10-" 
152 X 10-« 



The difficulty in the way of effecting a balance arises 
from the E.M.F. introduced by capacity and induction. 

Chaperon has found that the static capacity of coils 
with " bifilar " winding of many turns produces a greater 
disturbance than the self-induction. To avoid this he 
winds the two wires, not side by side, but in alternate 
layei-s. It is better to wind in one direction only, and 
to bring each wire back pai*allel to the axis of the spool. 



61. Resistance of Electrolytes — Third Method. — 
Professors Ayrton and Periy have proposed a method 
which does not require the prevention of polarization. 
A current is passed through the solution between two 
plates of platinum, P, P (Pig- 52), till it acquires a 
constant value. Two platinum wires, w^ w^ are sealed 
into gliuss tubes and held rigidly in a fixed position 
between " ' iiium plates. The current is brougJ 
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tu Hoine definite value and measured by an electrodjn^ 
iiiMmeter or otlicr cuneub-measuring device. 

The potential difference be- 
tween the platinum wires is then 
measured by an electrometer 
or static voltmeter, E (Art. 95). 
An observation is firet made 
with a standard solution and 
then witli the electrolyte to be 
measured, the current being 
bi-ought to the same value each 
time. Then the resistances of 
the two liquids are proportional 
to the P.D.'s between tbe plati- 
num wires in the two cases. 
These P.D.'s can be in arbitrary 
\uiits, since it is necessary to 
know their mtio only. 

Standard Bolutum : NaCi, spec. grav. 1.201 at 18' C. 

X^t k, = the conductivity to be measiired. Let d and di be the 
deflectiona of the electrometer with the standard solution and the 
unknown reBpectively. 

Then A, = fc-. 

Deflection with standard NaCl solution . . . = 4.3 

Temperature of solution = 20.10 c. 

Specific conductivity (t) = 2243 X I0-". 

Observations: 




\WVV/W- — II || 
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A serious objection to the method is the cliange in the 
iensity of the solution due to electrolysis. The dejiosit 
of zinc or copper on the platinum electrode reduces the 
density and the conductivity of the solution. 

The temperature coefficient of the ZnSO^ at 18° is 
0.0226, and of the CuSO^, 0.0215. When corrected for 
temperature, the three results for OuSO^ agree (juittj 
closely. The last two determinations of the ZnSO^ also 
agree fairly well, but the first is considembly higher. 
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CHAPTER HI. 

MEASUREMENT OF CURRENT. 

62. The Tangent Galvanometer. — The tangent 
galvanometer has lost most of its former importance, 
but it is useful in a laboratory, and will be described 
because of its historical importance, if for no other 
reason. In its simplest form a tangent galvanometer 
consists of a circular conductor, supported vertically in 
the magnetic meridian, and having at its centre a mag- 
netized needle capable of turning around a vertical axis. 
The length of the needle must be short in comparison 
with the radius of the coil. This is essential, so that 
when the needle is deflected by a current the movement 
shall not place the poles in a field of magnetic strength 
different from that at the centre of the coil. A small 
deflection of a long needle would move its poles from 
the uniform field in the plane of the coil to a relatively 
weaker one on either side of this plane. The lines of 
force due to a current circulating around a circular coil, 
or the lines along which a magnetic pole is urged, 
coincide with the axis of the coil at its centre. Near 
the centre they are very nearly parallel lines. If, there- 
fore, a short needle, in length from one-twelfth to one- 
tenth the diameter of the coil, has its magnetic axis in 
the plane of the coil when no current is passing, then 
when it is deflected by a current, the direction of the 
deflecting force acting on its poles in the new position 
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i ^^ be perpendicular to the plane of the coil, and the 

i orienting force due to the earth's magnetism will 1x3 

I exactly at right angles to the deflecting force. 

! Let NS (Fig. 53) be the magnetic meridian, and let 

^he plane of the coil be in it, with its centre at 0. L<*t 

^he needle be deflected through an angle 0. Tlu'u two 

forces act upon each pole. One is Oihn^ due to the 

horizontal component of the earth's 

field; the other, due to the current J, is 

^t right angles to the plane of the coil, 

^nd equals , where r is the mean 

iudius of the coil, consisting of a single 

turn of the conductor, and m is the 

Strength of pole of the needle. For j 

equilibrium the moments of these two 8 

forces, or the moments of the two 

couples, due to the pairs of equal forces acting on tlie 

two ends of the needle, must be equal to eacli other. 

The moment of the orienting magnetic force due to tlie 

earth's field is dBml sin tf, where I is the half length of 

the needle. The moment of the deflecting force Ls 

^ I cos 0. Hence, 




Fig. 53. 



I COS = cf6ml sin 0, 



The m and I cancel out. The deflection is therefore 
independent of the strength of pole; but the length 
is limited for a reason already given. 

From this equation 



27r 



J= dS;^- tan 0. 
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For n turns of wire, where n is only a very small 
number, and where the n turns may be considered 
coincident, 

I=:&eJL tantf. 

The fraction ^-, or ^-- , is called the constant of the 

r r 

galvanometer. 

Jt dci)en(ls upon tlie dimensions and the number of 
tunis of wire in the coil, and equals the strength of field 
produced at the centre by unit current flowing through 
the coil. If this constant l)e denoted by (r, then 

I=^t^nd. ..'... (1) 
Gr 

The equation may be written simply 

J=JLtan^ (2) 

The current is measured in C.G.S. units. The num- 
ber of amperes is 10 times as great. When the constant 
of the galvanometer is determined from its dimensions, 
equation (1) must be used ; when it is determined by silver 
or copper electrolysis, equation (2) is more convenient. 

63. Influence of Errors of Observation. — The 

effect of an error in reading the deflection of the needle 
of a tangent galvanometer will be least relative to / 
when = 45°. This may be demonstrated by applying 
the formula of Article 36 to the tangent galvanometer, 
the equation of which is 

1= A tan 0. 
Then 
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But 

dl^ A 

d0 COB* ' 

Therefore 

cos* eoH-' sin tf 

"y the sul)6titution of for the couHtiiut A. 

tan tf 

• But 

fcos0 ^ f_ ^ Jf _ 

cos^ sin sin ^ cos sin 2^ 

Hence, - will be a minimum for any error of ob- 
servation / when -r^—r^ is a minimum, or when sin ^10 is 
-^ sin 2d 

a maximum. The sine of an angle is a maximum when 
the angle equals 90° ; and sin 10 is therefore a maximum 
when = 45^ 

64. Plottingr Currents mectsured by a Tangrent 
Galvanometer. — Let R equal the resistances in the 
circuit of the galvanometer except that of the ])att(My, 
and let r be the resistance of the battery. Then hy 
Ohm's law 

E 



1= 



R + r 



If now a constant E.M.F. be employed, and if the in- 
ternal resistance of the battery does not change, 

/octandoD— — 00 — ^. 
R + r cot ^ 

Hence cot co R + r. 
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If, therefore, we plot a curve with the tangents of tie 
tteveral olwervetl deflections as ordinates and the con*- 
K|H>ii<Ung resiHtaneeB R as abscissas, we shall obtain tlie 
tiiive /(Fig. 54), which is an hj-perbola. Plotting cotan- 
gents i)f as ordinates and resistances R as abscissas, on 
tlie (itliei- hand, gives the straight line If. The two 
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cui-ves intersect at a point corresponding to a deflection 
of 45°. The cotangents' line does not intersect the axis 
of resistances at the origin, but at a distance to the left 
equal to the internal resistance of the battery r. 



66. To find the Magnetic Field at any Point on the 
Axis of the CoU. — Let BE (Fig. 55) be the trace of 
the plane of the coil, and let OC be its axis. It is 



MEASUREMENT OF CU Hit EST. 



12:{ 



required to find the deflecting force at any jMiint A (»n 
the axis. Let AB represent the fon*e on iuiit jmjK* at ^1 
due to the current in a small element th of thr circh* 

Id% 

at E, It will equal , and its direction will 1h» jK'r- 

V 

pendicular to KA in the phuie 
of the pai)er. The deflecting 
force at a jw)int is always i>er- 
pendicular to a plane containing 
the element of the conductor 
and a line drawn from the 
niiddle point of the element to 
the given point. The effective component A(^ is 

r Ii'ih 




A C 



Fig. 55. 



Ids . Idn 



^ {r^J')i 



Hence for one turn of wire 



2SI 



where Sm the area of the circle irr-. This expression 
represents the total force, since the components (li 
balance one another all around the circle. Each eh'nicnt 
of the circle has a symmetrical one at the other extremity 
of a diameter through it, and the component at ri^lit 
angles to the axis of the coil, due to this synunetrical 
component, is equal and opposite to CB, 

If a magnet pole of strength m is placed at ^4, then 
the force on it perpendicular to the plain; of the ring is 
£?7W, while the horizontal force due to tlie eiirth's magnet- 
ism is dSm, Hence, as in the tangent galvanometer, 

Sfm cos 6 = ff(rm sin 0, . 
or ff = cKj tan 0. 
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Therefore '^"^"^^ , = m tan 9. 

(r^ + O^ 

or K- 



A" L-* a consfcint if I and t'Hj are constant. This fonn 
ijf tlie I'qiiiition is convenient for use in the ex|jerinieiitai 
l>roiif of the i-elation between d and 8. 



P!uee the circular coil (Fig. 66) in the magnetic meriiliiui s"^ 




act the compaas box at the centre of the coil. Pass a current 
through llie coil from a constant source, and of such strength ts 
\a give a deflection of about 45°. By means of a commutator 
take deflections in both directions. Repeat the obscryationa with 
the compass box at dificrent distances from the centre of the coi). 
Measure the moan radius of the coil with calipers, if it is not 
known. Finally, compare tangents of the mean deflections with 
the values derived from the preceding equation and plot.' 

' Stewwt & Gee'a Prae. Phg;, Part II., p. 321, 
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following are the details of an experiment : 
12.45 cms. 



ces 

8. 


(2) 

Mean 
Deflection. 


Tangent 
Deflection. 


a 


v3) -:- (4) 
or A'. 


A' ^ 

J 




43* 21' 


0.9440 


0.08082 


11.753 


o.9:k*4 




43.3 


0.9341 


0.07955 


11.742 


(i.{«»m 




42.12 


0.9067 


0.07731 


11.7-29 


(».9(»42 




40.51 


0.8617 


0.07380 


11.717 


o.Ki'i:;! 




39.9 


0.8141 


0.06032 


11.745 


0.H1O7 


o7.6 


0.7563 


0.06418 


11.783 


0.7.VP6 




34.33 


0.6886 


0.05872 


11.7-26 


C.G^i-'tS 


32.3 


0.6261 


0.05320 


11.769 


O.rt-222 




29.12 


0.5589 


0.04783 


11.68.') 


0.5593 




26.30 


0.4986 


0.04275 


11.662 


O.OOOO 


23.34 


0.4431 

> 


0.03807 


11. M2 


0.4452 


1 21.27 


0.3929 


0.03381 


11.6-2:j 


o.:mi:^ 


19.15 


0.3492 


0.02998 


ll.t>48 


<).:;.*)<M> 




17.12 


0.3096 


0.02658 


11. di- 


(unos 




15.18 


0.2736 


0.02357 


ll. 606 


(M'T.'.T 




13.42 


0.2438 


0.02093 


11.6.^»0 


0.2447 




12.15 


0.2171 


0.01860 


11.671 


0.2170 




10.57 


0.1935 


0.01655 


11.601 


o.i9:j.'> 




9.48 


0.1729 


0.01479 


11.682 


0.172t> 




8.48 


0.1548 


0.013-22 


11.706 


0.1.>J7 




7.54 


0.1388 


0.0118.-) 


11.705 


0.1386 



3 mean value of -ff'is 11.695. Yvom tliis value and 
column (4) column (6) is calculated. The curve 
57) represents the observed values of the tangents, 
ices X being plotted as abscissas. The curve of the 
jtical values of the tangents in column (^6) falls so 
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near this one that it cannot be plotted separately. The 
Kreatest diff^Teni'e between tlie observed and computed 
values of the tangents is only three-fourtlis per cent; 
inoftt of tliene diftereuces are only a small fraction of one 
\>nr cent. 
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66. The Cosine O-alvanometer. — The cosine gal- 
vanometer is made so that the coil may rotate about i& 
horizontal diameter. Fig. 58 is a vertical section through 
tlic coil. The axis of rotation, which lies in the mag- 
netic meridian, is jwrjjendioular to the paper through 0. 
The plane of the coil ha^ been rotated over through the 
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angle (j). Then the whole force on the niapiet iK)h; due 
to the current through a single turn of conchictor is in 
the direction OC^ perpendicular to the 
plane of the coil. The efifective eomi>o- 
nent moving the needle is 02>, and 

/^ 7N 2TrmI . 
OB = cos <f>. 




Placing the moments of the two forces 
acting on the needle equal to each other, 
in the case of the tangent galvanometer, we have 



Fig. 58. 



as 



0Sml sin =^ I cos cos </>, 



or 



ZTT COS (f> 

For a given deflection of the needle the current 
is inversely proportional to the cosine of tlie angle 
which the plane of the coil makes with the vertical. 
By this means the range of the galvanometer is greatly 
increased. 



67. The Siemens Blectrodynamometer. — An elec- 
trodynamometer consists of two coils with their mag- 
netic axes at right angles, one of them fixed and the 
other movable about a vertical axis through its plane. 
The motion of the movable coil is produced by tlie 
electrodynamic action between the convolutions of 
the two coils. The current flows through the two in 
series. 
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Let AB (P"ig- oO) be & single convolution of the fiseii 
coil and CD the suspended movable coil. The raovaWe 
t-oil ( iiiisi«ti* of only one turn, or at leant- a very limited 
nuinltr, according to the current which the instrumeDt is 
designed to measure. A lai^ cur- 
rent means a heavy conductor and 
a single turn, since it would be im- 
practicable to support several turns. 
Tlie instruments for smaller cm^ 
rents may liave several turns in the 
movable coil. It will be seen that 
the movable conductor ia subjected 
to a system of forces all tending to 
turn it in the same direction. It is 
suspended by means of silk threads 
or on a point resting in a jewel; 
■ and a carefully woiuid helix is con- 
nected rigidly with it and with the 
t*)r8iou head T above. Fig. 60 
shows the complete instiument. 

When the coil turns by passing 
current through it, the turning of 
' the toision head brings it back 

again to the zero or initial position. 
Thus the couple due to the electrodynanuc action is 
offset by the couple of toi-sion of the helix connected 
with the torsion head. Tins toimon couple is therefore 
employed to measure the current. Now, the couple of 
torsion is proportional to the angle of torsion by Hooke's 
law, the forces of restitution which are called into action 
by any distortion within elastic limits being propor- 
tional to the distortion itself. But the electrodynamic 
astion is proportional to the squire of the current, since 
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the two coils are in series. Hence the square of the 
eurrent is proportional to tlie twist of the counteracting 
helix. 

We may accordingly write 

P = A'D, 
or 

I=A*/1), 

as the equation connecting the current with the twist 
of the torsion helix. A is a 
constant depending upon the 
windings, the torsion of the sus- f 
pending spring, etc. This ia the 
common equation of a paraltola. 
Hence if currents and twist bu 
plotted as coordinates, the result- 
ing curve will be parabolic. 

Two fixed coils are coiiiinonly 
employed, one of fine wire iiud 
the other of coarse wire. 
One end of each is 
connected to a binding- 
post on the base of the f 

instrument. The other » ^ _^—„ » 

terminals are connected ^S^^^i^j.^^^ ^^^^5ftC*3 
to the upper mercury 
cup at a (Fig. 59), into '^' 

which dips one end of the movable coil, the other end 
dipping into another mercuiy cup at 6, from which a 
conductor leads to a third binding-post. Hence, whether 
the current enters by the one fixed coil or the other, it 
passes out through the suspended coil and the tliird jiost. 
Since tlie direction of the deflection depends upon the 
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manner in which the coils are connected, and not upon 
the direction of the current, the electrodynamometer is 
applicable to the measurement of alternating currents. 
Its i)eriod of swing must, however, be long m com- 
parison with the period of alternation of the current. 
It then Ixjcomes an integrating device, and integrates 
the values of the squares of the current for successive 
equal time-intervals. Tlie result is, therefore, the square 
root of the mean scjuare of the current. 

68. The Equation of the Electrodynamometer as 
affected by the Earth's Field. — When only small 
currents are employed with a sensitive electrodynamome- 
ter, the effect of the earth's directive force on the sus- 
pended coil, considered as a magnetic shell, must be 
taken into account. This force is proportional to the 
first power of the current, while the deflecting force due 
to tlie mutual action of the coils is proportional to the 
square of the current. If, therefore, the instrument is 
set up with the plane of the suspended coil and the axis 
of the fixed coils in the magnetic meridian, the fixed 
coils being of such dimensions as to produce a sensibly 
uniform magnetic field in the region of the suspended 
coil, we shall have for the equation of equilibrium 

aP cos 6 4- 67 cos 6 = c6^ 
or 

aP-\-bI=c—^, .... (1) 
cos^ 

in which a is a constant depending on the windings and 
dimensions, b one depending on the number of turns 
and the area of the suspended coil, as well as on the 
earth's horizontal field fit), c the couple of torsion for a 
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F unit angle, and the deflection. Tho currfnt \h lien* 
i supposed to be in the direction in which the earth's 
magnetic force and the eleetrodynaniic ac'tion lietwcen 
the coils act together. 

If the cmrent be reversed the dynamic action Inrtwccn 
the coils turns the suspended coil the same way round, 
but the direction of the couple due to the earth's field 
is reversed. Therefore, the deflecting couple is (hie t<> 
the difference of the two forces, and for the same (U»flcc- 
tion as Ijefore the current must Ixj greater. Let it Ik» 
w times as great. Then we may write 

n 

a7i'T- ^ bnl = c _, . . . (2) 

cos^ 

anP + hnl= uc . . . . (^5) 

cos 

Multiplying equation (1) by //, we have equation (.'J) ; 
adding and dividing by (n + 1)? we have 

anl ' — € - ^ . 
cos 

It follows, therefore, that if the earth's influence were 
eliminated, the same deflection woidd be given by a 
cuTcnt equal to I\/n^ numerically a mean proportion 
between the two oppositely directed currents required to 
produce the same deflection. 

For small angular displacements equation (1) may l)e 
written with sufficient approximation, 

ar + bl=cd, (4) 

where d is the deflection in millimetres ol)served by the 
usual telescope and scale method, and c is dependent on 
the distance of the scale from the electrodyuamometer. 



182 ELECTRICAL MEASUREMENTS. 

Equation (4) is the equation of a parabola referred to j 
axes i)arallel to those of the equal parabola whose equa- 
tion is 

P=-d. 

a 

The following equation was derived from a sensitive 
instrument in our laboratory: 

P - 0.8427= 0.0298rf. ... (5) 

If the current through the suspended coil alone is 
revei'sed, we obtain 

i^ + 0.842/= -0.0298rf. ... (6) 

If tlie oljservations are plotted with deflections as 
al)scissiis and currents as ordinates, the full line parabola 
passing througli the origin is obtained (Fig. 61). 

For alternating currents the term containing the first 
power of / in equation (5) vanishes, and we have 

/= >s/0.0298d = 0.1726 ^/rf. . . (7) 

This equation represents the same parabola as that oi 
equation (5), but shifted, as shown in the dotted curve in 
the figure, so as to have its vertex at the origin. It is 
the equation for alternating currents in which the earth's 
field plays no part. For direct currents the instrument 
should be set up with the plane of the movable coil at 
right angles to the magnetic meridian. 

69. The Wattmeter. — The electrodynamometer may 
be made to measure the power expended in any part of 
a circuit. The integrated product of the current and 
the corresponding pressure at the terminals of the circuit 
is the mean power expendQ(i iu it. If the whole current 
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is caiTied tliroiigh tlie fixed coil of tlit! i;leeti'odytiamom- 
eter, and the movable coil is connected as a sbuiit to the 
resistance on which the power to he measured is ex- 
pended, so as to eerv.e as a pressure coil, with the neces- 
sary resistance in series with it, tlie instninient then 
lieeomes a wa.ttiuet»?r, and nmy lie calibrated to ivad 
in watts. 

Fig. (j2 is tlie 
Weston wattmeter, 
which is (graduated 
to read directly in 
watts. Fig. 62rt 
Ls a diagram of the 

tious. The Irans- 
hiting device, fluch 
i a lamp, is eou- 
' nected across the 
mains from to 
]). A and B are 
tlie terminals of 
the series or field 
coil, and ah those of the pressure coil. It will he seen 
that the pressure circuit through the movable coil is 
canied round the field coil also. This is for the purpose 
of compensating for the cuiTcnt through the pressure 
circuit, since this current also traverses the series coil. 
The connections are so ma.de that the currents through 
this compensating winding and the field coil flow in 
opposite directions. The reading is thus diminished to 
such an extent as to compensate for the enei'gy required 
to operate the instrument. 

The independent binding-post I is employed in con- 




■h 
n 

\ 



MEA8UMEMENT OF CURKEXT. 



135 



nection with b when the instrument is used with two 
independent circuits, or when it is calibrated by means 
of two separate cur- 
rents. The compen- c / ^ o 
sating winding is ^\ t 
then cut out and an 
equivalent resist- 
ance is substituted. 

70. Thed'Arson- 
val Galvanometer. 
— The d' A rsonval 
galvanometer may 
be considered as an 
electrodynamometer 
in which the fixed 
coil is replaced by a 
permanent magnet; 
or it may be looked 
upon as a galvanom- 
eter in which the 
magnet is fixed and 
the coil is movable, 
instead of the converse arrangement of the tangent gal- 
vanometer. Since the action and reaction are equal 
between a coil and a magnet, it is immaterial from a 
magnetic point of view whether the one is made movable 
or the other. 

The great advantage of the d'Arsonval type of gal- 
vanometer is that it has a strong magnetic field only 
slightly affected by the earth's magnetism, or by iron or 
other n '^^in. matter in its vicinity. It is also ex- 
**• at " under certain conditiom 




Fig. 62a. 
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more, by properly shaping the pole pieces of the 
permanent magnet, the deflections may be made strictly 
proportional to the current. The Weston instruments- 
for direct currents are a modiiication of the galvanometer 
of d'Arsonval, and both operate on the same principle 
as Lord Kelvin's Siphon Recorder for submarine teleg- 
raphy, which preceded both of them. 

In the earlier instruments 
of this design the coil had 
a large area, and a soft 
iron core was inserted to 
strengthen the field. This 
arrangement isstill retained 
in the Weston instruments. 
But Ayrton has pointed 
out ' that galvanometers of 
the d'Arsonval type should 
not have a soft iron core, 
and that the coil should 
be long and thin. 

Fig. 63 is a d'Arsonval 
galvanometer of ordinary 
, pattern. The current is 
led in through the spring 
and attached wire at the 
bottom, thence through the coil, and out by the sus- 
pending wire and the supporting standard. The field- 
magnet is a compound one supported vertically. Within 
the coil is a soft iron core supported from the rear. 
The coil turns in the naiTow intense field between the 
poles of the magnet and the iron core. When tJ*" 
external resistance is not large, the induced curro' 
' " Galfoaamcten," Phil. Mag., July, 1S90, p. B8. 
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eloaing the cuixent, with the coil in motion, quickly 
bring it to rest. 

The coil iu the Weston instrument (Fig. 134') is con- 
trolled by two spuitl springs which also serve as con- 
ductors to connect the coil witli the external circuit. A 




portion of one pole is shown cut away in the figrire, 

The pivots rest in jewels, and a long aluminium pointer 

I is attached to the coil and traverses a scale of equal paits 

t shown. In the voltmeter a large resistance i.s put 

t series with the movable coil. In the ammeter for 

e currents the movable coil is connected as a shunt 

1 conductor iu the instrument. 



im 
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The Ayrton-ilather pattern of tliis galvanometer (Fig. 

ii5) has a single ring-magnet witli a narrow division at 
one point. In the opening is 
placed the tuhc containing 
the long narrow coil without 
any iron core. This coil is 
8iisi)en(le<l hy a tliin wire, and 
lias a line helix at the bottom 
for a conductor. Its plane 
must be parallel to the lines 
of force in the narrow gap in 
which it hangs. If qniek 
^''' '*■ damping is desired, the coil 

in tmchised in a thin silver or aluminium tube. 

71. The Beet Shape for the Section of a Coil. — The 
l>eHt Bhax>e for the section of the coil of a d'Araonval 
galvanometer perpendicular to the axis about which it 
turns has been determined by Mather.' 

Ilis paper tleals witli coils 
])en<led in a uniform field, but similar 




reasoning applies to instruments in z::: 

wliiiili the field is not uniform. ~— 

Let tlio iield be of strength 86, and " 
lot J* (Fig. 6G) \te an element of the 
Boction of the coil turning about an r-g. ee. 

ftxia through A perpendicular to the 
plane of the element, and / the current density per unit 
area. Then the deflecting moment exerted on unit 
length, measured perpendicular to the paper, and of 
crtkss-section a, is 

fISlar sin 0. 

1 Pltil. Mag., Vol. 29, p. 434, May, 1890. 
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The moment of inertia of the element about A will be 

adr^ 

where d is the density, or mass per unit cube. 

In ordinary instruments it is inconvenient to have the 
period of oscillation long, but for a constant period the 
controlling moment at unit angle must be proportional to 
the moment of inertia ; hence the problem is to find the 
shape of the section such that the total deflecting 
moment for a given moment of inertia shall be a 
maximum. 

If the magnetic moment of a spiral be made greater 
by increasing its radius, the moment of inertia will be 
increased in a greater ratio, and thus the period of free 
vibration of the coil will be increased. But this period 
is limited by practical considerations. We have, there- 
fore, to consider the form, so that for a given moment of 
inertia there may be a maximum magnetic moment ; or, 
what amounts to the same thing, for a given magnetic 
moment the coil may have a minimum moment of 
inertia. 

The ratio of the magnetic or deflecting moment to the 
moment of inertia of the element considered is 

geiar sin e _ sing . 

ar^d rd 

Since 9(5, ii and d may be considered constants, the prol>- 

lem is to find the conditions making a maximum for 

every element of the coil. 

Consider the curve the polar eqiiati^« *^ which is 

value of + <? the twc^ 
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circles tangent to BC at the point A (Fig. 67). The 
diameter of the circles is c. A family of such circles 

may he drawn with A as the com- 
mon point of tangency. If now we 
conceive a wire transferred from the 
surface of the circle to a point \vith- 
out, then the value of c for such 
outer point is greater, and conse- 

(juently is less than for a point 

on the circumference. If it is traiis- 

e. 




sin 



IS 



ferred to a point inside the circle, the value of - 

greater. If, therefore, the cross-section of the coil be 
any circle, r=c sin ^, a diminution of the value of the 

expression would be produced by transferring any 

portion of the wire within the circle to any unoccupied 
space outside ; tliat is, the ratio of the magnetic moment 
to the moment of inertia would be diminished. 

Also, since tlie horizontal portions of the coil, Ijring 
parallel with the field, contribute to the moment of 
inertia and not to the deflecting moment, the deflecting 
moment will be increased by making the coil long and 
narrow. The cross-section of the long narrow coil must, 
moreover, be two tangential circles, their point of tan- 
gency being as nearly as possible on the axis of rotation 
of the coil.^ The problem in hand " resolves itself into 
finding the shape and position of an area having a given 
moment of inertia about a point in its plane such that 
the moment of the area about a coplanar line through 

1 Gray*s Absolute Measurements in Electricity and Magnetism, Vol. II., Part 
II., p. 380. 
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tte point is a maximum. Taking the iK)int lus a |H)le, 
^iese conditions are 



While 



ff r^ dr dO \a ^i constiint, 

ffr^ sin dr d0 is ei maximum/' 



72. The Kelvin Balances. — In tlie Ixilances of Lord 
Kelvin the electrodynamic action between tlie lixed and 
movable coils is counterbalanced by adjustable weights 
or sliders instead of the torsion of a helical spring. 

The coils are ring-shaped and horizcmt^il. The two 
movable rings ^ and F (Fig. 68) are attached to the ends 




Fig. 68. 

of a horizontal balance beam which is supported by two 
trunnions a and 6, each hung by an elastic ligament of 
fine wires, through which the current passes into and out 
of the circuit of the movable rings. These rings are 
placed midway between two pairs of fixed rings, AB and 
(7D, which are connected as shown in the diagram, so 
that the movable ring on either side is attracted by one 
of the fixed rings and repelled by the other. When a 
current passes through the six coils in series, the beam 
tends to rise at F and sink at U, 
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The iNilancing is performed by means of a weight, 
whicli slides on a horizontal graduated arm attached to 
thi' iKihuifc l>eam (Fig. 69). A trough is fixed to the 
ri^^ht-hand end of the beam, and in it is placed a weight 
which fonnterpoises the sliding weight, shown near the 
centre of the Ixjam, wlien it is at the zero of the scale 
an<l no current is passing through the balance. By this 
airan^enient tlie range of movement of the slider is the 
entire length of tlie l)eam. These weights can he 
changed so as to vary the range of the balance. Pro- 
vision is made for the line adjustment of the zero by 
means of a small nietid flag, as in some chemical 
balances. A vertical scale and a horizontal pointer at 
eacli end of the kdance arm determine the sighted zero 
position. When a cairrent passes, the beam is brought 
l)ack to tlie horizontid position by moving the sliding 
wei<;ht toward the riglit by means of a self-releasing pen- 
dant, han^^in<r from a hook carried by a sliding platform, 
wlii(;li is pulled in the two directions by two silk cords 
passiui( tlirou<i^li holes to the outside of the glass case. 
Tlie l)alance is shown in tlie figure with the glass case 
removed. Since the force is proportional to the product 
of the current in the fixed and movable coils, the current 
is proportional to the scpiare root of the turning moment. 
Hence the four pairs of weights (slider and counter- 
poise) supplied with each instrument are adjusted in the 
ratios of 1 : 4 : 16 : 64, so tliat for the same division of 
either scale the second weight indicates twice the cur- 
rent of the firat, the third twice that of the second, and the 
fourth twice that of the third. Of the two scales 
the upper fixed one, called the inspectional scale, gives 
the current approximately in decimal parts of an ampere ; 
but for more accurate reading the movable scale of equal 
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]>art8 must be read, and the current calculated by the aid 
of tlie tiil)le of doubled square roots (Appendix, Table 
VI.). Tlius, for example, if the balancing point is 415 
on tlie scale of equal parts, the corresponding reading 
for the insj^ectional scale obtained from the table is 
48.r>0. 

There are several types of instruments made. The 
following table shows the value per division of the 
inspec^tional scale corresponding to each of the four pairs 
of weights for the centi-ampere, the decinampere, the 
deka-ampere, and the hekto-ampere balances: 





I. 


II. 


in. 


IV. 




Centi-amperes 


Dcci-amperes 


Amperes 


Amperes 




per 


per 


per 


per 




division. 


division. 


division. 


division. 


1st pair of wei<]^hts . 


. . 0.25 


0.25 


0.25 


1.5 


2d ** *' 


. . 0.5 


0.5 


0.5 


3.0 


:ui ** ♦* 


. . 1.0 


1.0 


1.0 


6.0 


4th ** '♦ 


. . 2.0 


2.0 


2.0 


12.0 



The useful range of each instrument is from 1 to 100 
of the smallest current for which its sensibility suffices. 
Thus the centi-ampere balance, illustrated in Fig. 69, 
has a range with the four weights from 1 to 100 centi- 
amperes, or from y^ to 1 ampere. 

Each l)alance* is designed to carry 75 per cent of its 
maximum current continuously, and its maximum cur- 
rent long enough for standard comparisons. 

The centi-ampere balance, with a thermometer to test 
the temperature of its coils, and in the more recent 
instruments with platinoid resistances up to 1,600 ohms, 
serves to measure potential differences of from 10 to 400 
volts. The first resistance of the series includes that of 
the balance, which is about 50 ohms. 
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Constants of CcrUi-ampere Balance as a Voltmeler, 

Resistance in VultH i)er dlvlaion uf 
height used. circuit. fixed sculu. 

Istpair 400 1.0 

'• " 800 2.0 

*' " 1,200 3.0 

" " 1,600 4.0 

If the second pair of weights is used, tlie constants 
will be double those in the last column. 

For the highest accuracy corrections must 1)0 made 
for the temperature of the balance and of the auxiliary 
platinoid resistance. The correction for the copper 
resistance of the former is about 0.4 per cent per degree 
centigrade, and for the latter about 0.024 per cent. 

When the lowest potentials are measured the smallest 
platinoid resistance must be in the circuit ; and one or 
more of the others must be included in series with it, 
when the potential is so liigh as to give a larger current 
than can be measured by the lightest weight on the 
beam. 

73 . The Thomson Astatic Reflecting Galvanometer. 
— For the highest sensibility the requirements of a 
good galvanometer are : 

(a) An astatic magnetic system of small moment of 
inertia. 

(V) A variable magnetic control. 

(<?) Four coils of nearly equal resistance. 

(d) High insulation and large resistance. 

Such an instrument is shown complete in Fig. 70. The 
coils are supported on grooved pillars for the purpose of 
increasing their insulation from the base. T^ 
posts on the top are the terminals of vertic 
w* ew into special lugs on the coil £ 
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mbber waishers when the instrument is not in use. The 
control magnet on the vertical supporting rod is similar 
to the one on the tripod galvanometer of Fig. 8. The 
suspension is by means of a quartz fibre which is greatly 
superior to silk in strength, stability, uniformity, and 
smallness of torsion coefficient. 

Fig. 71 is a galvanometer of similar construction. It 
shows the two 
coils on one side 
swung open, ex- 
posing the as- 
tatic magnetic 
system. 

The magnetic 
system consists 
of two seta of 
minute magnets 
made of bits of 
fine watch- 
spring. Four or 
five of these are 
attached near 
the top of a thiu 
aluminium wire 
with their north- 
seeking poles 
turned toward 
the north; the 
same number are "' 

similarly attached at the bottom, but with the north- 
seeking poles turned toward the south. The first set is 
placed at the centre of the upper pair of coils, and the 
other set at the centre of the lower pair. Between them 




148 ELECTBICAL MEASUREMENTS. 

a small round mirror is hung in a very light aluminium 
(•nidle. This is either plane or concave, according as it 
is desired to read tlie deflections with a telescope and 
scale or witli a lamp and scale. 

If an incandescent lamp be available, by enclosing it 
in an appropriate case or hood, it may be used with a 
translucent scale, and may give sufficient light to read 
the deflections in a well-lighted room. 

The nioval)le system weighs only a fraction of a 
giiimme. The arm carrjdng the suspending fibre swings 
out so that tlie system is entirely free and can be readily 
exaniiiuMl or conveniently mounted. The contact be- 
tween the coils is automatic, and is made by means of 
platinize<l springs when the hinged face is closed. The 
use of flexible conductor's is thus avoided. 

The conti'ol magnet 3/, of Fig. 71, is novel and con- 
venient. It not only turns around a vertical axis, but 
its effec^tive magnetic moment can be varied by turning 
the milled head S. It consists of a permanent cylindrical 
magnet with threads cut on each end. On these threads 
turn two long nuts of soft iron which act as a magnetic 
shunt. They approach or recede from each other accord- 
ing as the magnet is turned by the milled head in the one 
direction or the other, since one thread is right hand and 
the other left. In this way the sensibility can be regu- 
lated with great exactness. The field produced by the 
control magnet at the needles is changed by the magnetic 
shunt instead of by changing the distance of the magnet 
from the suspended system. 

It is customary to give to the upper set of magnets a 
slightly greater magnetic moment than that of the lower 
set. The entire system then places itself in the mag- 
netic meridian, but with a very feeble directive force. 
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The mirror is commonly attached so as to look toward 
the west when the galvanometer is adjusted. The 
aluminium disks at the needles are intended to produce 
air damping, and to aid in bringing the movable system 
more rapidly to rest after deflection. 

To adjust the galvanometer, proceed as follows : 
Place it on some fixed support, mwh its a pier witli a 
stone top, or on a shelf attached to a lirick wall. Tiun 
tlie instrument till the plane of the coils is as nearly as 
may be in the magnetic meridian. Next level by means 
of levelling screws till the movable system hangs en- 
tirely free within the coils. In lifting the system by 
the suspension pin, it should be raised very slowly and 
carefully till the needles are in the centres of the coils. 
They should then be entirely free, and the suspending 
fibre should be without torsion. The scale should then 
be placed at the proper distance from the galvanometer 
in the magnetic meridian, and horizontal. Next turn 
the control magnet till the plane of the mirror is in the 
magnetic meridian as nearly as possible. One can judge 
of this by looking into the mirror and getting an image 
of one's eye. Then move backward and observe if the 
line of sight is perpendicular to the face of the instru- 
ment. If not, adjust by turning tlie control magnet. 
Then make the height of the telescope and scale such 
that on looking directly along the tube of the telescope 
an image of the scale can be seen in the mirror. Focus 
the telescope and finally adjust the image by slightly 
changing the height of the scale, and by the altitude and 
azimuth screws on the telescope stand. It is better to 
have the scale numbered from one end to the other, to 
avoid the use of positive and negative (quantities. A 
deflection is then taken by subtracting the reading of 
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rest from the reading in the deflected position, or con- 
versely. 

The north-seeking pole of the control magnet should 
l)e turned toward the north for greatest sensibility. If 
it is turned the other way it increases the strength of 
iield at the needles, and so lessens the sensibility or the 
deflection for a given current. 

74. Calibration of any Galvanometer by Compar- 
ison with a Tangrent Galvanometer.* — Connect a tan- 
gent galvanometer 7, the galvanometer to be calibrated 
6r, a batteiy B^ and a suitable resistance 72, in series (Fig. 
72). Note the deflections of both T and G ; vary the 

current by changing iJ, 
and again read the de- 
flections. The resistances 
should be varied or so ad- 
justed that the deflections 
of Q- may be as nearly 
as possible equidistant. 
Then if the constant of 
the tangent galvanometer 
has been determined pre- 
viously, the currents in 
amperes corresponding to the various deflections of (? 
are known. Construct a plain elastic curve, with cur- 
rents as abscissas and deflections of G^ as ordinates. 
This will be the calibration curve of 6r, from which maybe 
read off the currents corresponding to other deflections. 

If the constant of T has not been determined, the 
calibration of Q- will be only relative and not absolute ; 




Fig. 72. 



1 Ayrton's Practical Electricity ^ p. 68. 
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that is, the deflections serve merely to compare currents, 
but not to measure them in amperes. 

It may happen that G- is more sensitive than T. In 
that case a suitable deflection of T produces too great a 
one in G-. The difficulty may be avoided by putting a 
shunt or by-path around G^ indicated at S, The calibra- 
tion will then be relative, unless the ratio of the resist- 
ances of Q- and S is known. 



Example. 



G 


Tangent Galvanometer. 


. 










Currents (2) . 


(2) -:- (1). 


Deflections (1). 


Deflections. 


Tangents. 






5» 


2.2" 


0.038 


0.00192 


0.000384 


10 


4.4 


0.077 


0.00389 


0.000389 


15 


6.95 


0.122 


0.00616 


0.000410 


20 


9.8 


0173 


0.00874 


0.000437 


25 


12.95 


0.230 


0.01161 


0.000464 


30 


16. 


0.287 


0.01451 


0.000483 


35 


19.3 


0.350 


0.01772 


0.000506 


40 


22.5 


0.414 


0.02096 


0.000524 



The curve (Fig. 73) expressing the relation between deflec- 
tions and cuiTents is plotted as described above. 

76. Relative Calibration of a Galvanometer by 
Ohm's Law. — Connect a suitable constant potential 
batter.y to a slide-wire bridge PQ (Fig. 74), with suffi- 
cient resistance at R' to adjust the current through the 
bridge wire to a proper value. A key should be inserted 
in this circuit so as to keep the current flowing only 
so long as it is needed. Join the galvanometer to be 
calibrated and a resistance box to one end of the bridge 
wire at P, and the other end of this circuit to a suitable 
contact-maker on the wire. 

The experiment consists in placing the contact-maker 
A at successive equal divisions on the scale and observ- 
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infr the deftectioiis of the galvanometer. A series of 
oliKtTvntions should first be made with the battery cll^ 
rent flowing in one direction, and then another similar 
scrios with the current reversed. The mean of the read- 
injp* should !« taken for eacli division on the bridge scale. 
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The differences of potential along the wire are, h 
Ohm's law, proportional to the resistances passed ove 
or to tlie length of wire between the two points of tt 
divided circuit. But the resistance in the circuit of tl 
galvanometer remaining unchanged, the currents throng 
it will be proportional to the P.D. between its termina 
— that is, to the lengths of the bridge wire included b 
tween the points ol derivation A and P. 
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It is assumed that the E.M.F. of the battery remains 
constant, and that the resistance in circuit with it remains 
fixed. A storage battery is, therefore, to be preferred to 
a primary polarizable cell, and the student should care- 
fully guard against heating the conductor by keeping 




Fig. 74. 



the circuit closed longer than is absolutely necessary. 
Since we have a divided circuit between A and P, an 
appreciable error will be introduced unless the resistance 
in circuit with the galvanometer is high in comparison 
with that of the bridge wire. 



Example. 

Calibration of a d'^Arsonval Oalvanometer, 



Readings 


Mean deflections 


Common 


Deflection 


on bridge wire. 


in mm. 


difference. 


per cm. 


10 cm. 


48.0 


48.0 


4. SO 


20 


96.5 


48.5 


4.82 


80 


144.0 


47.5 


4.80 


40 


191.5 


47.5 


4.79 


50 


238.5 


47.0 


4.77 


60 


285.0 


46.5 


4.75 


70 


331.0 


46.0 


4.73 


80 


378.0 


47.0 


4.72 


90 


424.0 


46.0 


4.71 
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These observations are plotted wiih deflections of the gal- 
vanometer as ordinalea and distances on the wire as abscissas 
(Fig. 75). The calibration curve is nearly eti-aight, showing that 
tb« deflections are nearly pi-oportional to the currents. 
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76- Calibration of a Galvanometer by Known 
BesiBtanceB. — The necessar}- apparatus eonsiste of a 
battery of veiy low internal resistance, preferably a 
storage cell, and resistances reliably adjusted. The 
resistance of the galvanometer must also 1)6 known if it 
is enough to be appreciable in comparison with the 
remaining resistance in circuit. Connect the battery, 
the galvanometer, and the adjustable resistance in series. 
Adjust the resistance for successive readings of the gal- 
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vanometer and record galvanometer readings and total 
resistances in circuit. Then by Ohm's law the succes- 
sive currents are inversely proportional to the corre- 
sponding resistances ; and if the E.M.F. of tlie battery- 
is known, the calibration will be in amperes. The inter- 
nal resistance of the battery is supposed to be negligible 
in comparison with the remaining resistance in circuit. 
The following data illustrate the method. The resist- 
ance of the instrument and connecting ^vires was found 
to be 1.6 ohms. This must be added to the resistances 
taken from the resistance box. 

Example. 



(a) 


(ft) 




(c) 
Reciprocals of 


Headings of 


Total Resistance 


Resistance. 


iDBtrument. 


in Circuit. 


1 
b 


20 


860 4- 


1.6 


.001160 


30 


563 


ti 


.001771 


40 


420 


(< 


.002372 


50 


334 


i( 


.002979 


60 


280 


{< 


.003551 


70 


238 


i( 


.004174 


80 


2U9 


(< 


.004748 


90.2 


185 


<( 


.005359 


100 


167 


<( 


.005931 


110.3 


151 


i( 


.006553 


119.8 


139 


i( 


.007112 


130 


128 


i( 


.007716 


140 


118.6 


(< 


.008319 


151 


110 


i( 


.008960 


181 


103 


« 


.009560 


170.8 


97 


(( 


.010142 


180 


92 


(( 


.010684 


190 


87 


ti 


.011286 


199 


83 


i( 


.011820 
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Coliinins (ii) ami (c) hnve been plotted as coordinatea (Fi 
76), mid the result is very Jiccurately a straight lino passing 
tliruugh the origin. The instrument of tiie tuble was a W«9ton 
niilli-voltmclcr, reading from 2 to 20 milli-volts, and the 81.1116 
readings are directly proportional to thecarrenta snd therefore tg 
the volts measiircil. 
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77. Measurement of Current by Electrolysis. — 
When an electric current passes through a chemical 
compound in the liquid state, the compound is decom- 
posed. The process is called electrolym, and the com- 
ponent parts into which the substance is divided are 
called ions. These collect at the electrodes, or the con- 
ductors l»y which the current enters and leaves the 
electroljte. 
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The electrode by which the current enU»rs is chIIcmI 
the anode; and the one by which it leaves the elettio- 
lyte is the cathode. 

Faraday demonstrated that the quantity of an ion de- 
posited is proportional to the quantity of electricity 
which has passed. Hence the quantity deposited in unit 
time is proportional to the cun*ent strength. 

He further showed that the same quantity of chHtricity 
deposits weights of different ions proportional to their 
chemical equivalents; that is, proj^oi-tional to the relative 
quantities which chemically replace one another. Thus 
the quantity which will release one gramme of hydrogen 
will deposit 32.5 grammes of zinc, 31.66 of copper, 108 
of silver, and so on. These quantities are the atomic 
weights of univalent substances and the half atomic 
weight of bivalent ones. It follows that if the weight 
of one of the substances deposited by one coulomb can 
be found by experiment, the known atomic weights of 
the chemical elements will give the electrochemical 
equivalents of the others, or the weights of the several 
elements which are released or deposited by one cou- 
lomb of electricity. 

When the electrochemical equivalent of some con- 
venient element has been ascertained, then the weight 
of it deposited in an observed interval of time serves as 
a measure of the quantity of electricity which has passed. 
If further the current has been maintained at a constant 
value, then* this value may be determined by dividing 
the whole quantity of electricity by the time in seconds, 
or by dividing the weight of the ion by the product of 
the electrochemical equivalent and the time. The elec- 
trolytic process furnishes the practical method of deter- 
mining the international ampere (Art. 19). 
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If tr is the weight of the ion deposited, z its electro- 
chemical equivalent, and t the time of deposit, then the 
current will be 

zt 

78. The Silver Voltameter. — For currents as large 
as one amjiere the cathode on which the silver is depos- 
ited should take the form of a platinum bowl not less 
than 10 cms. in diameter and from 4 to 5 cms. in depth. 

The anode should be a plate of pure silver some 30 
sq. cms. in area and 2 or 3 millimetres in thickness. 
This is supix)i-ted horizontally in the liquid near the 
top of the solution by platinum wires passing through 
holes in the plate. To prevent the disintegrated silver 
or particles of silver oxide or carbon falling from the 
anode into the platinum bowl, the anode should be 
wrapped around with pure filter paper and secured at the 
back with sealing wax. 

The liquid should consist of a neutral solution of pure 
nitrate of silver, containing about 15 parts by weight of 
the nitrate to 85 parts of water. 

The resistance of the voltameter changes somewhat as 
the current passes. To prevent these changes having 
too great an effect on the current, some resistance 
besides that of 'the voltameter should be inserted in 
the circuit. The total metallic resistance of the circuit 
should not be less than 10 ohms. 

The method of making the measurement is as follows : 

The platinum bowl is washed with nitric acid and 
distilled water, dried by heat, and then left to cool in a 
desiccator. When thoroughly dry it is weighed care- 
fully. 
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It is nearly filled with the solution «an(l connecttMl to 
the rest of the circuit by l)eing placed on a ch-an copiM*!* 
support, to which a binding-«crew is attached. TIh^ 
copper support must be insidated. 

The anode is then immei'sed in the solution, so iis to 
be well covered by it, and supix)rted in that position ; 
the connections to the rest of the circuit are then niadt*. 
Contact is made at the key, noting the time of contjict. 
The current is allowed to pass for not less than half an 
hour, and the time at which contact is broken is (Ay- 
served, Care must be taken tliat the clock nsed is 
keeping correct time during the interval. 

The solution is now removed from the l)owl and the 
deposit is washed with distilled water and left to soak 
for at least six hours. It is rinsed successively with dis- 
tilled water and absolute alcohol, and dried in a hot-air 
bath at a temperature of about 160** C. After cooling in 
a desiccator the bowl is weighed again. The gain in 
weight gives the silver deposifed. 

To find the current in amperes, this weight, expressed 
in grammes, must be divided by the number of seconds 
during which the cun^ent has been passed and by 
0.001118. 

The result will be the time average of the current, if 
during the interval the current has varied. 

In determining by this method the constant of an in- 
strument the current should be kept as nearly constant 
as possible, and the readings of the instrument taken at 
frequent observed intervals of time. These observations 
should give a curve from which the reading correspond- 
ing to the mean current (time average of the current) 
can be found. The cuiTent, as calculated by the vol- 
tameter, corresponds to this reading, ^ 
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Instead of dividing by the time of deposit i 
and bvO.OOlllS, it is UBiuiUy easier to di-v-ide Iiy the lime 
in Itoiirs (_fnutions) and by 4.02.'), 

liiisk'ad of the costly plntinuni bowl as cathode, a con- 
venient Biihetitute, which is superior in some respecte, is 
11 flat silver plate, mounted between two anode plates ol 
pure silver, as sliown in Fij;. 77. The plates are moiuited 
on a harcl-nibbei 
striji A by meana 
of stiff spring clips. 
By loosening the 
screw B, the plates 
can all be removed 
together from the so- 
lution. The plates 
can be raised or low- 
ered by meana of 
a mck and pinion. 
This is a convenient 
method of effecting 
a £ne adjustment 
Fig_ ,j_ of tile resistance of 

the circuit in mak- 
ing and maintaining an electiical balance. The anode 
plates do not need to he covered witli filter paper, since 
any dislodged pjirtieles will fail to the bottom of the jar. 
Great care ia necessary in washing, drying, and weigh- 
ing the gain plate. It may be handled and . weighed by 
means of a hook of stiff bxass wire for suspension. This 
ia a better plan than to ntu the risk of detaching parti- 
cles of silver by laying the plat« down, except in the 
bottom of a glass tray in \vaRhing. This form of voltam- 
eter provides bijttcr insul-ition than those in which the 
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bowl rests on a base on which the nitrate of silver sohi- 
tion is almost certain to be spilled by lack of extrciiu? 

care. In this form neither the Ixise nor the standard 

forms any part of the conducting circuit. 

79. The Copper Voltameter. — When large currents 
are measured by electrolysis the copper voltameter is 
employed instead of the corresponding one of silvt»r, 
because the size of the plates required would make tlie 
latter too expensive. The copper volUimeter scarcely 
equals the silver voltameter in accuracy, partly becausi^ 
of oxidation and partly because the electrochemical 
equivalent of copper is much smaller than that of silver, 
so that for a given current the quantity of copper depos- 
ited is less than that of silver, and it cannot be weighed 
with so small a percentage of error. On the other hand, 
the copper has the advantage of simplicity in manipu- 
lation. Silver is always deposited in a crystalline form, 
and requires careful washing and handling to avoid 
losses. It is difficult to make it adhere firmly to the 
gain plate or platinum bowl unless the surface is not less 
than 200 nor more than 400 sq. cms. per ampere. The 
deposited copper is much more firmly adherent, and 50 
sq. cms. per ampere will give good results. Thus for 
large currents, the copper plates need not be more than 
one-fifth as large as the silver. 

The solution is made by dissolving copper sulphate 
crystals in distilled water and adding one per cent 
of sulphuric acid. It may have a density varying 
from 1.1 to 1.2 without any difference in the nature 
of the deposit. A density of about 1.15 to 1.18 is to 
be preferred. 

The solution should not be used too often, since the 
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acid Ih exhausted by action on the plates; and unless 
the solution is distinctly acid the results will be very 
iri-egular. 

The Kkss plates should never have an area of less than 
40 8(1- cnis. i)er ami)ere. If they are smaller than this, 
the resistance of the cell becomes variable and the 
current (;annot be kept constant. 

The gain plates, or cathode, should .never be less than 
20 sq. cms. per am[>ere. An area of from 50 to 100 sq. 
cms. i)er anijH^re is l)e8t. The smaller the area the less 
firmly adherent is the crystalline copper deposit. When 
the deposit is continued for a long time the larger area 
should 1x3 used.' At the current densitv of one-fiftieth 
of an ampere per sq. cm. there is a slight tendency for 
the deposit to thicken, at the edges of the plates and 
become rough, but this tendency becomes less marked as 
the current density diminishes. A uniform and solid 
deposit is very desirable, and this is interfered with if 
the plates roughen at the edges. 

The plates may be prepared by rounding and smooth- 
ing the edges and comers, and then polishing thor- 
oughly with glass paper and washing in a rapid stream 
of water. They may then be rubbed with a clean 
cloth. On removing from the electrolytic cell, wash at 
once thoroughly in water containing a few drops of 
sulphuric acid, finally in distilled water, and dry on a 
clean blotting-pad. The plate may then be held before 
a fire and carefully warmed. It must not be weighed 
till it has cooled. 

For large currents a rectangular glass or earthenware 
vessel may be used to contain the solution, and the plates 

1 A. W. Meikle, The Electrolysis of Copper Sulphate^ Physical Soc. of Glas- 
gow Univei'sity. 
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may be of the shape shown in Fig. 78. They are 
in spring clips on one 
side, the anode and cath- 
ode plates alternating, 
one set connected by the 
clips on one side and the 
other set on the other. 
Each plate may then be 
lifted out and cleaned 
separately. The follow- 
ing table is given by Mr. 
Meikle, connecting the 
area of the plate, the tem- 
perature, and the electro- 
chemical equivalent : 





5^^*|*^*|^«^^cc«Cl^^^^^cc*»c»^N^ccccc^' 



Fig. 78. 



Sq. cms. of cathode 
per ampere. 


12»C. 


23* C. 


28« C. 


50 


.0003288 


.0003286 


.0003286 


100 


.0003288 


.0003283 


.0003281 


150 


.0003287 


.0003280 


.0003278 


aoo 


.0003285 


.0003277 


.0003274 


250 


.0003283 


.0003275 


.0003268 


300 
1 - c 


.0003282 


.0003272 


.0003262 



The process of obtaining the current from the weight 
of copper deposited m an observed time is the same as 
in the case of silver. 

The following solution for a copper volttimeter is said 
to give good results : ^ 

Copper sulphate 15 gnis. 

Sulphuric acid 5 

Alcohol 5 

Water 100 



ii 



(( 



^Electrician (London), May 19, 1893. 
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This ccin l)e used with a current density from 0.06 to 
1.5 aniiKjiHis jHjr square decimetre. 

80. To find the Constant or Reduction Factor of 
any Current Meter by Electrolysis. — If the currents 
t<) be measured by the instrument in question do not 
mu(!h exceed one ampere, the silver voltameter is to be 
preferred ; but for currents in excess of one ampere the 
copiHjr voltameter may l)e used. 

When applied to a tiingent galvanometer the operation 
consists in finding the reduction factor A^ wliich multi- 
plied by the tangent of the angle of deflection gives the 
current in amperes. With an electrodynamometer the 
process hius for its object the determination of the con- 
stint in the equation 

/= As/D, 

in which D is the torsion in divisions of the scale and A 
is the constant to be determined. When applied to a 
direct-reading ammeter it can find only the error of the 
scale corresponding to the number of amperes flowing 
through the voltameter. The apparatus may be set up 
as follows: 

5 is a storage battery of a sufficient number of cells 
to furnish the requisite current through the parallel 
resistances R and li^ and the voltameter ^^(Fig. 79). 
When the E.M.F. of the battery and the approximate 
current which is to be measured by thfe voltameter are 
known the resistances R and R^ can be determined 
beforehand. R^ is put in parallel with R for the purpose 
of keeping the current constant through the voltameter 
and galvanometer. It may be either a carbon rheostat 
of the proper construction, or any other resistance 
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adjustable by iiisensiltle or at leiist very small gradations. 
Any small change in the current can tlius be very readily 
compensated by adjusting the resistivnce It'. 

A convenient 
form for cur- 
rentB not exceed- 
ing three or four 
amperes may l>e 
made by wind- 
ing a flexiltle 
cable, such as 
heavy picture- 
wire, on an in- 
sulating tube 
supported by an iron rod through it and around insu- 
lating pins at tlie bottom (Fig. 80), The conductor is 





} wound non-induetively. If it were wound round 
and on the frame or on a cylinder, it would pro- 
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(luce a magnetic field within it. The long brass screw 
at the top is traversed by a contact-maker. Instead of 
a nut this contains a screw pin, so that the contact-maker 
may slide readily from one end of the screw to the other 
by merely unscrewing the pin. When the pin is screwed 
in, the contact-maker may be moved slowly along the 
wires, so as to vary the portion in circuit, by turning the 
handle. 

If the constant of the electrodynamometer is to be 
determined, the instrument should be set up with the 
plane of its movable coil at right angles to the mag- 
netic meridian, or with its magnetic axis in the earth's 
magnetic meridian, and variable currents should be 
avoided. 

As a check, it is desirable to employ two electrolytic 
cells in series. One-half the weight of the electrolyte 
or metal deposited in the two is then taken for use in 
the formula with either the silver or the copper voltam- 
eter. 

Example I. 

To find the Reditction Factor of a Tangent Galvanometer. 

The galvanometer was set up in series with a silver vol- 
tameter, two Daniell cells, and a commutator for reversing the 
current through the galvanometer. The coil used was marked 
29.893 ohms. The current deposited silver for thirty minutes, 
and the deflections were read every minute, excej^t when the 
current was reversed, when one reading was omitted. The 
observations were as follows : 
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DSFLBCTIONS. 




Deflections. 


Time. 




Time. 




Left. 


Right. 


Left. 


Right. 


11.09 






25 


43.2 




10 


41.3 




26 






11 


41.3 




27 




44.0 


12 






28 




44.0 


13 




42 


29 




44.4 


14 




42 


30 




44.5 


15 




42.5 


31 




44.6 


16 




42.5 


32 




44.6 


17 




42.6 


33 






18 




42.7 


34 


44.2 




19 






35 


44.4 




20 


42.5 




36 


44.5 




21 


42.6 




37 


44.6 




22 


42.7 




38 


44.6 




23 


43.0 




39 


44.7 




24 


43.1 











Mean 43.34 43.37 

Mean deflection 43.36 

Tangent of mean deflection 0.94435 

Weight of cathode before deposit .... 30.3726 gms. 

Weight of cathode after deposit 30.4685 ** 

Gain 0.0959 

0959 
Averaore curvent equals — : — *- — - = 0.04765 ^= A tan 6. 

*=* ^ 4.025 X h 

Therefore A = ?:5iL^- = 0.05046. 

0.94435 



Example II. 

To find the Constant of Siemens Elecirodynamometer, No. 97 Q. 

Two copper voltameters were connected in series with the 
electrodynamometer, 14 cells of storage battery, and a resistance 
which served to regulate the current. 

The table gives the obseiTations at one-minute intervals : 
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yKeadiDgs. 


Readings. 




KeadiDgi. 


^Readings. 


81 


9 


79.8 


8.933 


Rl 


9 


79.6 


8.916 


R0.5 


8.972 


79.6 


8.916 


HO 


SM4 


79.5 


8.916 


m 


8.944 


81 


9 


80 


8.944 


81 


9 


80 


8.944 


81.5 


9.028 


80 


8.944 


81.5 


9.028 


80 


8.944 


81.5 


9.028 


80 


0«V44« 


81.9 


9.050 


78.8 


8.877 


81.9 


9.050 


79.9 


8.939 


81.9 


9.050 


79.8 


8.933 


82.1 


9.061 


79.9 


8.939 


82.2 


9.066 


79.8 


8.933 


82 


9.055 



Mean 



8.977 



(( 



Weight of cathode plate before deposit 
ti t. (( (i after 

Gain 

0.955 



I. n. 

103.6476 83.4925 

104.6026 84.4476 

0.956 0.966 



Therefore A = 



h X 1.1838 
1.6134 



^1.6134 amperes. 



8.977 



= 0.1797. 



81. . Arrangrement for Strongr or Weak Currents.^ — 
When a very strong or a very weak current is used, the 
apparatus illustrated in Fig. 81 may be employed. In 
the former case the current which it is desired to measure 
is larger than the capacity of the electrolytic cell ; in the 
latter case it is smaller than it is necessary to use for the 
purpose of obtaining an accurate result by electrolysis. 
The figure shows the arrangement for the first case of 
heavy currents, in which the current through the instru- 
ment for measuring current is nine times as great as 
through the two electrolytic cells in series. 



*Gray*s Absolute Measurements in Electricity and Magnetism f Vol. II., 
Part II., p. 428. 
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A set of parallel straight wires of German silver, plati- 
noid, or manganin are soldered to thick terminal Ixars of 
hopper, J, Ji, J21 as shown, so that they can Ix; connected 
in two groups in parallel. The wires in position mast 
We accurately the same resistance. A sensitive reflect- 
nig galvanometer g of high resistance connects bi and b.j . 
The resistances R and R' must l)e so adjusted tliat 110 



r 




r' 



wvvvvw-/^! V 



&• Q 



B 



Fig. 81. 

cuiTcnt flows through (/ ; or, in other words, so that hi 
and 62 are at the same potential. The current through 
Q- will then be nine times the current measured by the 
electrolytic cells F'and V\ or in the ratio of the con- 
ductances of the two groups of wires r and r^. 

Gr is the galvanometer or other current measurer to be 
calibrated. 

82. Measurement of Current by Means of a 
Standard Cell. — A standard Clark cell will be de- 
scribed later (Art. 85). For the present, it is only 
necessary to say that a Carhart-Clark cell gives a con- 
stant E.M.F. of 1.440 volts at 15° C. (Latimer-Clark 

L 1.434 V.) Such a cell may be employed \w q-qtoxv^^- 
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tion with standard resistances to measure currents in 
aniiKTes. 

The method consists in balancing the E.M.F. of a 
stanchird cell against the fall of potential over the whole 
or a part of a knoAvn resistance through which the cur- 
Youi to l)e measured flows. 

Let r (Fig. 82) l)e the known resistance placed in the 
main circuit in which flows the current to be measured. 

This resistance should consist of a metallic conductor 
caj>al)lc of carrying the cuiTent without undue heating. 




AAAAAA^AAVNAAAAAAAAAAA 




2^ 



■«■ 



Fig. 82. 



If it is so mounted that it can be immersed in kerosene 
or oil the temperature can be kept nearly constant ; and, 
what is quite as important, it can be measured accurately. 
Two resistance boxes of high resistance are then 
placed in a derived circuit as a shunt to the resistance r. 
From the terminals of one, as T?,, another derived cir- 
cuit is set up containing a standard cell S and a sensitive 
galvanometer Gr, This circuit should also contain a 
key. The poles of the cell must be turned so that the 
P.l). over Bi shall be opposed to the E.M.F. of the cell- 
The balance is then made by adjusting Ji^ or iJs till no 
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current flows through the galvanometer on cloBing the 
key in its circuit. We have then 

R,: Bi + Iii''' 1.44 : J?, 
where U is the P.D. between and 2>. 

Then I]=l.U^i±^. 

Ml 

If the temperature of the standard cell is not 15° C. ii 
correction must in general be made. 
Finally, 

^_1.44 R. + B, 
r R, 

It is evident that the resistance r must Ik) siurh tha\ 
the P.D. between its terminals shall be equal to oi 
greater than the E.M.F. of the standard cell. 

Example. 

To determine the Constant of a Thomson ** Graded Galvaywmeter^'* 

{ammeter) without its Field- Magnet. 

Formida : I = .- A^^.r? — , 

Base number 

where A is Ihe constant to be determined, D the deflection, and 
by •* base number" is meant the number indicating the position of 
the sliding magnetometer box on the base of the instrument. 

Data : R^ = 2110 ; i?2 = 12.34 ; and r == 10 ohms at 24° C. 

E.M.F. of standard cell at 20.5o C. = 1.437 volts. 

Therefore, I=h^. ^^^^ + 1'^^-^ = 0.229 ampere. 

10 2110 * 

D = 38.5 divisions. 

Base number = 32. 

Hence from the above formula, 

^^qj29 X 32 _ ()^gQ_ 
3«.o 



172 



ELECTRICAL MEASUREMENTS. 



This constant is the value of the magnetic field at the needle 
when no current is flowing. 

83. Seoond Method by Means of a Standard Cell. 
— This method, the connections for which are shown in 
the (liagrani (Fig. 83), admite of using a resistance r 
of sueli dimensions that the difference of potential 
ht*t\veen its terminals may be greater or less than the 



-Mr 
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Am, 



Fig. 83. 

E.M.F. of the standard cell or cells employed. The 
resistance must be capable of carrying the current during 
the time required to effect the balance without apprecia- 
ble heating ; or, better, it may be immersed in oil, with a 
stirrer, so that its temperature may be known. 

Set up two 10,000 ohm resistance boxes in series with 
a battery B^ of higher E.M.F. than the standard cell 
or the P.D. between A and B, From the terminals of 
11 form a shunt circuit containing a sensitive high resist- 
ance galvanometer and a standard cell. It is better also 
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to include a high resistance HR in this circuit. Tlie 
jK:les of the standard cell must be turned in sucli direc- 
tion that the P.D. between the terminals of It opiKjscs 
the E.M.F. of the cell. Then, keeping a total of 10,000 
ohms in the two boxes R and R\ vary the \yk\Yi contiiined 
in each box till, on closing the key, the galvanometer G 
shows no deflection. The P.D. between the terminals 
of R then equals the E.M.F. of the standard cell. The 
high resistance HR may be so arranged, if necessary, 
that it can be short-circuited when a balance is nearly 
effected, so as to increase the sensibility. Then with the 
circuit closed through AB^ transfer the terminals of the 
derived circuit from ah to cd by means of the comnuit<i- 
tor C and balance again. The fall of potential over the 
resistance now in R will be equal to that over AB, 
But the two P.D.'s are proportional to the two resist- 
ances in R required to balance. Call these Ri and R. . 

Then 

Ri : Rji : 1.44 : a\ 

and x = l .44 - - , 

Ri 

where x is the P.D. between A and B. Then iis Ix^fore 

j^x^lM R, 
r r ' R\' 

The E.M.F. of tlie standard cell must alwavs l)e cor- 
rected for temperature. So also should the resistance r. 

This method is much more flexible tlian the first one, 
since it is not necessary to balance the E.M.F. of the 
cell directly against a part of the P.D. between the ter- 
minals of the resistance in the circuit in which the cur- 
rent to bQ measured is flowing. Heuce with the same 
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n*sistaiico r a iKilauce niay be effected with a considera- 
ble range of current. This method may therefore be 
iLsed to calibrate an ammeter Am. 

Bzample. 

To it'st (he Accuracy of a Weston Milli-ammeter. 

Tlio aiunioter was connected in series with r, a storage battery, 
anil a resisUince to i ontrol the carreot. 

Reading of milli-ammeter 0.828. 

r = 1.0:57 ohms at 25^ C. 

7^1 = (1880 ohms. 

R-i =<>.'>02.5 ohms. 

E.M.F. of standard cell. 1.487 volts at 20° C. 

llonce / --= ^-^^^ ^/^H^'/? = 0.829 ampere. 

1.()H7X6885 ^ 

84. Standard Resistances for the Preceding 
Methods. — AVhen large currents are measured by the 
l)rtH*e(liiig methods, special standard resistances adapted 
to carrv the desired currents should be employed. Such 
staiuhirds liave been designed at the Physikalisch-Tech- 
nische Keiclisanstalt, in Berlin.^ They have a resistance 
of 0.01, O.OOl, and 0.0001 ohm respectively, and are 
made of mangaiiin in sheet form or cast. Special ter- 
minals, from the exact points l)etween which the resistance 
is measured, are brought out to separate binding-posts for 
the measurement of the potential difference by compar- 
ison with a (lark cell. Anv small E.M.F. of contiiet 
between the manganin and the copper terminals and 
leading-in conductors is thus left out of the comparison. 
The smallest resistance is adapted to carry a few thousand 
amperes. These standards are mounted in nickel-plated 
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cases (_Fig. 84) whifh cau 1>l'. flllwl witli oil. The 
case for heiivy currents is fitted with a coohiij 




through wliich wnLer uuiy i"' niinir m Huh. It Cdiitiiiny 
also a rliiniiiutivo turbino-atirrer which can hu driven hj 
any siiiall motor. 
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CHAPTER IV. 

BfEASURXSMENT OF ELECTROMOTIVE FORCE. 

85. The Clark Standard Cell. — In accordance with 
the decision of the Chamber of Delegates of the Chicago 
International Congress of Electricians (Appendix B), 
tlic Clark cell luis become the legal standard of E.M.F. 
(Art. 19). The cell consists of zinc, or an amalgam of 
zinc with mercury, and of mercury in a neutral saturated 
solution of zinc sulphate and mercurous sulphate in 
water, prepared with both sulphates in excess. 

Tlie preparation of the materials entering into the cell 
and the setting up of the standard will be described with 
some detail. 

• 

A, Preparation of the MateriaU. 

1. The Mercury, — All mercury used in the cell 
should fii-st be chemically purified in the usual manner, 
and subsequently distilled in a vacuum. 

2. The Zinc, — Pure redistilled zinc-rods can be used 
without further treatment. For the preparation of the 
zinc amalgam add one part by weight of zinc to nine 
parte of mercury, and heat both in a porcelain dish until 
by gentle stirring at about 100° C. the zinc completely 
disappears in the mercury. 

3. The Mercurous Sulphate, — If the mercurous sul- 
phate, purchased as pure, is not colored yellow with a 
basic salt, mix with it a small quantity of pure mercury, 
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^Ud wash the whole thoroughly with two jmrte by weight 
of cold distilled water to one part of the salt, hy agitation 
OX' by stirring with a glass rod. Drain off the water and 
I'epeat the process at least twice, or until a verj' faint 
yellow tint appears. After the last washing drain off 
Hs much of the water a« possible, but <lo not dry by 
heating. It is better to wash only so much of the salt as 
niay be needed for immediate use. 

4. The Zinc Sulphate Solution. — Prepare a neutral 
satui-ated solution of chemically pure zinc sulpliate, fre(» 
from iron, by mixing in a flask distilled water with 
nearly twice its weight of pure zinc sulphate crystals, 
and adding pure zinc oxide in the proj)oi-ti<)n of alx)ut 
2 % by weight of the zinc sulphate crystals, to neutralize 
any free acid. The crystals should be dissolved by the 
aid of gentle heat, but the temperature of the solution 
must not be raised alx)ve 30° C After wanning for 
about two hours with frequent agitiition, set the solution 
away over night. Then add merciuous sulphate, pre- 
pared as described in 3, in the proportion of about \'l ^o 
by weight of the zinc sulphate crystals, to neutralize 
any free zinc oxide remaining; the solution should again 
be warmed, and should be filtered, while still warm, 
into a glass-stoppered bottle. Crystids should form as 
it cools. 

5. The Mercurous Sulphate and Zinc Sulphate Paste, 
— To three parts by weight of the washed mercurous sul- 
phate add one part of pure mercury. If the sulphate is 
dry it may be rubbed together with a mixture of the zinc 
sulphate crystals and concentrated solution of zinc sul- 
phate, so as to make a stiff paste, which shows through- 
out crystals of zinc sulphate and minute globules of 
mercury. If, on the contrary, the mercurous sulphate 
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iit inoist, the jiaste should be made by adding the im 1 
Kiilpliate c-rjTJtals only, taking great care that tiiey aie 1 
{iretient in excess and do not disappear after the paate I 
liiui stood for some time. The mercuiy globules must 1 
alHo 1k! i)laiiily visible. The zinc sulphate crysta 
with advantage be cnuhed fine before admixture witJi 
the mercuiy Halt. 

The above procesa iiisui-es the formation of a saturated 
solution of tlie zinc and mercurous sulphates in water. 

B. To set up the Cell. 
The glaws vewsel containing the cell, represented in 
Fig. 85, consists of two limlw closed at the bottom and 
joined above to a common neck 
fitted with a ground-glass stop- 
per. The diameter of the 
HiiiliK should be at least 2 cms., 
and tlicii' length 3 cms. The 
neck should be not less than 1.5 
cms. in diameter, and 2 cms. 
long. In the bottom of each 
limb a platinum wire of about 
0.4 mm. diameter is sealed 
through the glass. 

To set up the cell, place in one 
limb pure mercury, and in the 
^"' **■ other hot fluid amalgam contain- 

ing 90 pai'ts mercury and 10 |)aits zinc. The platinum 
wires in the IwtUtm must I)e completely cohered by tlie 
mercury and the amalgam respectively. On the mer- 
cury place a layer 1 cm. thick of the zinc and mercuroua 
sulphate jiaste desci'il)e<l in 5. Botli this paste and the 
zinc amalgam must then be coveted with a layer of the 
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neutral zinc sulphate crystals 1 cm. thick; and the 
whole vessel must then be filled with the saturated zinc 
sulphate solution, so tliat the stopjwr, when inserted, 
shall just touch it, leaving, however, a small bubble to 
guard against breakage when the temperature rises. 

To prepare for placing the hot zinc amalgam in onii 
limb of the glass vessel, after thoroughly cleaning and 
drying the latter set it in a hot-water bath. Then pass 
through the neck of the vessel and doAvn to the lx)ttom 
a thin glass tube to serve for the reception of the amal- 
gam. This tube should be as large as the glass vessel 
will admit. It serves to protect the upi)er \\k\vi of the 
cell from being soiled with the amalgam. 

To fill in the amalgam, a clean dropping-tul)e alx^ut 
10 cms. long and drawn out to a fine point has its fine 
end brought under the surface of the amalgam heated in 
a porcelain dish, and by pressing the rubber bulb some 
of the amalgam is drawn up into the tube. The point 
is then quickly cleaned of dross with filter paper, and is 
passed through the wider tube to the l)ottom and emptied 
by pressing the bulb. The point of the tube must be so 
fine that the amalgam will come out only on squeezing 
the bulb. This process is repeated till the limb con- 
tains the desired quantity of the amalgam. The vessel 
is then removed from the water bath ; and, after cooling, 
the amalgam must be fcist to the glass, and must show a 
clean surface with metallic lustre. 

For inseition of the mercury a dropping-tube with a 
long stem will l)e found convenient. The paste may be 
poured in through a wide tube reaching nearly down to 
the mercury and having a funnel-shaped top. If it does 
not move down freely it may be pushed down with a 
small glass rod. The paste and the amalgam are then 
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lx)th covered with the zinc sulphate crystals before the 
c'onceiitnited zinc sulphate solution is poured in. This 
should Ihj added through a small funnel, so as to leave 
the neck of the vessel clean and dry. 

Before finally inserting the glass stopper it should be 
brushed round its upi)er edge with a strong alcoholic 
solution of shellac, and should then be firmly pressed in 
place. 

For convenience and security in handling, the cell 
thus set up may be mounted in a metal case which can 
l)e placed in a petroleum or paraffin oil bath. Its top 
may be provided with two insulated binding-posts to be 
connected with the two electrodes by the platinum wires, 
and the lx)ttom should be perforated to allow the petro- 
leum or oil to enter freely. 

In order to ascertain the temperature of the cell, the 
metal case should enclose a thermometer which can be 
read from without. The thermometer may be fused 
into the ghiss stopper, or it may be entirely separate 
with its bulb immersed in the petroleum or oil bath 
within the case. The latter method is to be preferred. 

In using the cell sudden variations of temperature 
should, as far as possible, be avoided, since the changes 
in electromotive force lag behind those of temperature. 

The E.M.F. of this cell is 1.434 volts at 15° C. 

For a small range of temperature above or below 

15° C. the following formula may be employed to reduce 

to 15°: 

U, = 1.434 [1 - 0.00080 (^ - 15)] . 

Dr. Kahle gives for the formula connecting the E.M.F. 
at f with that at 15° the following : 

jE7^ = j&- 116x10-"' (^-15)-lxl0-'(^-15)^ 
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This holds between 10° and 30° C. The K.M.F. <.f 
this cell decreases by about 0.00115 volt i)er degree ('. 

86. The Carhart-Olark Standard Cell. — A» a 

standard for practical coiiuuercial pm-poses ii cell is 
needed which has the advantages of poi'tahility and a 
lower temperature coefficient tlian the normal Clark cell. 
These advantages have been seoured in the following 
manner : 

A piece of No. 28 platinum wire is lieated it'd hot in 
a blow-pipe flame, and is then sealed into the iKittimi (if 
a small tube about 5 cms. long and 1.5 ems. in diameter. 
Ill contact with this is pure redistiileil meix;ury. A 
layer about 1 cm. thick of pure neutral mercuroua sul- 
phate mixed with neutral zine 
sulphate saturated at 0° C. is 
placed on the mercury The 
piste IS then co\ered witb 
purihed isbestos on this rests 
thebioadfootof the zinc cast 
ift -ihown in tig 8b To the 
top of the zinc is soldeied i 
thin copper wire 1 or the ! 
purpose of holding the seal a 
cork disc surrounds the top * 
of the zinc Ihis must be 
thoroughly boiled in distdled 
water to remove the tinnin 
and after drying maj be satu 
rated with pure paraffin. The z 
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c sulphate solution sur- 
i-ounding the zinc must be poured in thi-ough a small 
funnel before the zinc is inserted. Finally the cell is 
sealed by pouring in hot a cement composed of t^utta- 
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pereha and Burgundy pitch, with enough balsam of & 
added to make the compound flow when hot. After 
til is has cooled, it is of advantage to add a mixture of 
finely powdered glass and sodium silicate. 

The tenij>erature coefficient is reduced to one-half that 
of the Clark cell by tlie use of a zinc sulphate solution 
saturated at a tempemture lower tlian any at which the 
cell is to be used. A convenient temperature for this 
solution is 0° C\ In the normal Clark cell a rise of 
temperature causes more zinc sulphate to go into solu- 
tion. The consequent increase of density lowers the 
E.M.F. of the cell, and this effect is added to the real 
temperature coefficient which is due to the superposition 
of the two therm o-electromotive forces between the 
metiil and the solution on the two sides of the cell.* 
Moreover the slowness with which the solution reaches 
the density corresponcling with a new temperature causes 
the E.M.F. of the Clark cell to lag behind the tempera- 
tiu-e change. Both of these difficulties are avoided by 
the employment of a solution saturated at zero degrees. 

The equation connecting the E.M.F. and temperature 
of the Carhart-Clark cell is 

i;= 1.440 j 1-0.000387 (^-15) + 0.0000005(^~15y j . 

Near 15° C. a formula sufficiently accurate for practical 
purposes is 

H, = 1.440 I 1 - 0.0004 (t - 15) j . 

The temperature coefficient of this cell is thus one-half 
that of the normal Clark standard. 



i^ 



'Carlmvt'a Primary Batteries, p. 136-, Avmt, Jour, o/ Science, N^iV^SXT^X., 
p. 60, 



MEASUREMENT OF ELECTROMOTIVE FORCE. 1H3 

87. A One- Volt Calomel Cell. — The calomel cell, 
consisting of mercury in contact with mercurous 
chloride and zinc in zinc chloride solution, was invented 
by von Helmholtz in 1882.* One of the present writin-s 
has investigated it with a view to adjust to exactly one 
volt.* 

In 1879 D. H. Fitch patented a cell in whicli mer- 
curous chloride was used as the depolarizer, but in otlier 
respects it differed from the Helmholtz fonii. 

The E.M.F. of a chloride cell with zinc immersed in 
its chloride increases with decrease in density of the zinc 
chloride solution. Within limits, therefore, the E.M.F. 
of the calomel cell can be varied by varying the density 
of the zinc chloride solution. An increase of about 
4.6 per cent in the density of the solution produces a 
decrease of 1 per cent in the E.M.F. The density 
required to give one volt is 1.391 measured at 15° C. 

This cell is made in precisely the same form as tlie 
preceding. Such a cell is perfectly portable ; and cells 
in our possession over a year old show no appreciable 
change in E.M.F. compared with normal Clark cells. 

The temperature coefficient is small and is positive. 
The following equation connects the E.M.F with tem- 
perature for changes of a few degrees in the neighbor- 
hood of 15^ C, or between 10° and 30° C. : 

^=1 + 0.000094 (^-15). 

A near approach to the coefficient is 0.01 per cent per 
degree. A neglected variation of 10 degrees can cause 
an error of only 0.1 per cent. 

Since the modified Clark cell described in the last 



' Sitzber. der Akad, der Wu%,, p. 26, TievWu, Vi'i^. 
» Amer, Jour, of Science, Vol. XLVl., p. ^Q. 
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article has a negative coefficient and the calomel cell a 
small positive one, it becomes possible to combine the 
two varieties in such a way that the combined set shall 
have a zero coefficient. Let x equal the number of calo- 
mel cells required to offset one Carhart-Clark. 

Then 0.000094 x = 1.44 x 0.00039, 

or \ x = Q nearly. 

88. The Weston Stcmdard Cell. — Mr. Edward 
AVcstou liius invented a standard cell consisting of mer- 
cury in contact with mercurous sulphate and cadmium 
amalgam immei'sed in a saturated solution of cadmium 
sulphate. The 11 form of the cell, similar to Fig. 85, has 
been selected as the best. A platinum wire is sealed into 
the bottom of each limb. In one limb is the pure mercury, 
and resting on it the mercurous sulphate paste mixed 
with the cadmium sulphate solution. In the other limb 
is the cadmium amalgam. The vessel is finally filled so 
as to connect the two limbs with the cadmium sulphate 
solution, and is sealed in the usual manner. The only 
difference in the structure between this cell and the 
Clark is that cadmium and cadmium sulphate are used 
in place of zinc and zinc sulphate. The scheme of the 
cell is as follows : 



Cd - CdSO, - Hg,SO, - Eg 



+ . 



Weston's patent gives the E.M.F. of the cell as 1.019, 
and the temperature coefficient 0.01 per cent per degree 
centigrade. 

This cell has also been investigated by Jager and 
Wachsmuth^ at the Berlin Reichsanstalt. An amalgam 

1 Zeit.fnr Instrument'"'^' --'• Vovcmber, 1894. 
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of 1 part of cadmium to 6 parts of mercury was covered 
with a layer of cadmium sulphate crystals. The mer- 
curous sulphate was rubbed together with cadmium 
sulphate crystals, metallic mercury, and concentrated 
cadmium sulphate solution, so as to form a stiff paste. 
This was placed on the mercury of the positive pole. 
The remainder of the H element was filled with con- 
centrated cadmium sulphate solution, the negative pole 
containing the cadmium amalgam. 

Between 0° and 26° the temperature coefficient is 
expressed by the following formula : 

^F= ^0 - 1.25 X 10 -^ ^ - 0.065 X 10 -' t\ 

Near 20° the change of E.M.F. per degree C. is only 
about 0.00004 volt. The following table shows the com- 
parative temperature coefficients of the Clark and tlie 
Weston cell in -j^^y^ per cent: 





Temperature Coefficient. 




t 


Clark. 


Weflton. 


0* 
10* 
20* 
30» 


— 70.9 

— 77.9 

— 84.9 

— 91.9 


— 1.3 

— 2.5 

— 3.7 

— 5.0 



Near 20° the E.M.F. of the cadmium element changes 
only al)out ^V ^ niuch as the Clark element for the same 
temperature variation. When two per cent of zinc was 
added to the cadmium the increase of E.M.F. was only 
alx)ut 0.0004 volt. The cadmium sulphate of commerce 
contains only small traces of foreign substances, and 
these produce no appreciable effect on the E.M.F. It 
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is very essential, however, that the cadmium sulphate 
solution should l>e thoroughly neutral. Any trace of 
acid raises the E.M.F. To neutralize any acid cadmium 
hydroxide is used, and the filtered solution is treated 
with mercurous sulphate for the reduction of any basic 
salt that may have l)een fonned. When the salt is thus 
treated different (h^IIs agi'ee to within 0.0001 volt. 

The solubility of cadmium sulphate change? only 
slightly with temi)erature. This is one reason for the 
smallness of the temperature coefficient, and in con- 
secjuence the cell quickly reaches an electrical equilib- 
rium after a variation of the temperature. 

The constancy of the Weston cell can only be deter- 
mined after long trial. Observations extending over 
four months showed that the element remained constant 
within 0.0001 volt. Compared with the Clark element 
its E.M.F. was found to be 1.022 volts. 

80. Comparison of B.M.F.'s by a Galvanometer 
in Shunt. — Let there be two or more cells the E.M.F.'s 
of which are to be compared. Connect one of them in 
series with a resistance of from 10,000 to 15,000 ohms 
and another small resistance It (Fig. 87). It is not 
necessary to know the value of either of these resistances, 
but one of them should be large enough to prevent 
appreciable polarization of the cells during the time 
required to take a reading with the circuit closed. A 
d'Arsonval galvanometer, or some other aperiodic form, 
is connected in a circuit joined as a shunt to the small 
resistance M. 

Close the key K and observe the deflection di. This 
should not exceed about 200 scale parts, with the scale 
one and a half metres from the mirror. It is best to 
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^ke a series of observations for ili and to make iise of 
the mean. Next replace B with another cell and refwat 
observations for d^ . Then 

This method neglects any difference in tlie internal 
resistance of the cells. If this resistiinct^ is small no 
appreciable error will result. But if the iKittery itstdf, 
or one of the cells comimred, should have a high internal 





Fig. 87. 

resistance the method cannot be used. A comparison of 
a Daniell cell, for example, with a standard Clark, 
having an internal resistance of 2000 ohms or more, 
would give a result which would make the E.M.F'.'s of 
the two cells apparently more nearly equal than they 
really are. But so long as the internal resistance of the 
cells compared is negligible in comparison with the other 
resistance in circuit, then no change in the circuit is 
made in substituting one cell for anothci* except a (^liaiige 
in the E.M.F. ; and if the currents are proportional to 
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(lefleetioiiH, the E.M.F.'s, being proportional to the cur- 
rent**, art» also pn)iK)rtional to the corresponding deflec- 
tions. 



7^ — 20 ohms ; R' = 15.000 ohms. 



Cell. 


Deflection. 


E.M.F. 


Danicll, 


64 


1.1 volts. 


•• Diamond " Carbon, 


67 


1.15 *' 


(iassner Dry Cell, 


75 


1.29 " 


Ajax Drv Cell, 


63 


1.08 *' 



The l)ani«ill cell was freshly set up, but the others were old 
cells. 

90. The Condenser Method of comparingr E.M.F.'s. 
— L(*t G\)e a sensitive galvanometer with a small damp- 
in<( coeHicient. Connect with the condenser C and the 
l)attery B l)y means of a charge and discharge key 

K(Fig. 88). The con- 
denser will need to have 
a capacity of from 0.05 
to 0.3 of a microfarad. 
Observe the first swing 
several times when the 
condenser is discharged 
through the galvanom- 
eter and take the mean 
for di. The complete pe- 
riod of swing of the gal- 
vanometer, for convenience in reading, should be from 
5 to 10 seconds. Next repeat the observations with a 
second battery and let the mean of the deflections be ds- 
Then if Ui and Uj are the E.M.F.'s of the two cells, 




Fig. 88. 
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To save time in waiting for the galvanonieti»r needle 
to come to rest after each observation, a Hinall coil may 
be placed near the needle, and a single cell may Ixi con- 
i^ected in circuit with it. By tiipping the key in this 
Control circuit at the proper moment the needle may l)e 
quickly brought to rest. 

If the ballistic form of the d'Arsonval galvanometer 
\>e used, the motion of the coil may be aiTested by slioii> 
circuiting the galvanometer by means of an extra key 
for the purpose. 

In this method the first swing of the needle from rest 
is nearly proportional to the quantity of electricity dis- 
charged through the galvanometer; and, since the capacity 
of the condenser remains unchanged, the quantities are 
proportional to the E.M.F.'s charging the condenser. If 
instead of a change in electromotive force another con- 
denser of different capacity be used, tlie deflections c7, 
and ^2 will be proportional to the capacities of the two 

condensera. 

Example I. 

Cell. Deflection. 

Clark, 120 mm. 

"Diamond" carbon, 114.5 mm. 

Therefore 120 : 114.5 : : 1.434: x ( = 1.368 volts). 

Example 11. 

Cell. Deflection. E.M.F. 

Clark, 265 1.428 (at 20" C.) 

Daniell, 205 1.105 

91. Lord Rayleigh's Potentiometer Methbd. — The 
preceding methods are deflection methods and do not 
admit of great accuracy. If the deflection is 200 scale 
parts, and if it can be read to only a single division, 
then no greater accuracy than one-half per cent can be 
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secured. Zero methods are much to be preferred, and 
the following one leaves nothing to be desired, where 
the E.M.F.'s to be compared are only a few volts. Let 
R and R (Fig« 89) be two well-adjusted resistance 
lx)xe8 of 10,000 ohms each. Connect them in series 
with a (^ell having a higher E.M.F. than either of the 
E.M.F.'s to l>e compared. A total resistance of 10,000 
ohms must be kept in circuit. A shunt circuit is taken 
from the terminals of one box R, and in this is placed a 
sensitive galvanometer, a key, one of the cells to be 




Fig. 89. 

comppred, and usually a high resistance to protect the 
cell from polarization, if a standard, as well as to avoid 
too large a deflection of the galvanometer. The cell 
Bx should be so connected that its E.M.F. may be bal- 
anced against the P.I), between the terminals of J?. 
Obtain a balance, so tliat the galvanometer shows no 
deflection on closing the key K^ by transferring resisir 
ance from one box to the other, being careful to keep the 
sum of the two 10,000 ohms. When a balance has been 
secured to the nearest ohm, the E.M.F. of the cell Bi 
equals the fall of potential over the resistance in B. 
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Repeat the operation with a second cell or other source 
of E.M.r". Then if Ri and R^ are the resistances in R 
in the two eases to balance, we have 

The resistance in the circuit is kept so large that no 
appreciable polarization takes place while the comparisons 
are being made. Then the P.D. l)etween the terminals 
of R is strictly proportional to that i)ortion of the 10,000 
ohms contained in the box R. If the galvanometer is sen- 
sitive to a change of a single ohm from R to R\ or the 
reverse, then the E.M.P". of the batteiy in the main cir- 
cuit should be only slightly higher than that of the 
highest E.M.F. to be compared. Larger mimbci's will 
then be obtained to represent the E.M.F.'s, and hence 
greater accuracy in the result. 

If one of the cells compared is a standard with known 
KM.F., the method gives the E.M.F. of each of the 
cells compared. Two cells to be compared may be con- 
nected in opposition to each other. In this way the 
difference of E.M.F. between them may be compared 
with the E.M.F. of either. 

Examples. 

Cell. Temp. C. KeR. to balance. 

No. 30 Clark, 15° 9475 

No. 3 Calomel, 15o 6607 

Hence 9475 : 6607 : : 1.434 : x, 

or a; = 0.9999 volt. 

Cell. Temp. C. Res. to balance. 

No. 30 Clark, 17.7o 9151 

No. 7 Calomel, 19o 6395 

No. 9 ** *• 6396 

No. 10 ** ** 6396 

No. 11 ** ** 6395 
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E (Cliirk) ^ 1.434 [1 — 0.00077 (17.7 — 15)] = 1.431. 

Hence 9151 : 63% : : 1.431 : x, 

or X. ^ 1.0002 volts at 19o C. 

for Nos. 9 and 10. 

And 9151 : 6395 : : 1.431 : x, 

or x^ 1.0000 volt 

for Nos. 7 and 11 at 19«C. 

92. Comparison of E.M.F/s by Rapid Charge and 
Discharge. — Two platinum wires dip into mercury cups 
a and h (Fig. UO). The wires are attached to the prongs of 

a large tuning-fork, 




Fig. 90. 



and are insulated 
from them. When 
the prongs separate, 
one of the wires dips 
into the cup b and 
completes the con- 
nections so as to 
charge the condenser 
C. As soon as the 
prongs approach 
eacli other, connection is broken at b and the other wire 
enters the cup a, tluis discharging the condenser through 
the galvanometer. If this operation is repeated a sufl5- 
cient number of times a second, a steady deflection of 
the galvanometer will result. Let the deflection with a 
stiindard cell be rfj, and let J?i equal 1.44 volts. Re- 
place tlie standard with the cell to be compared, and 
obtiiin tlie deflection again and let it be ci,. 
Then if x be the E.M.F. of the cell, 

di : do :: 1.44 : x, 

d. 



or 



X = 1.44 



di 



(i 
« t 
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Great care must be taken to so adjust the contacts 
that one platinum wire will leave the mercury surface in 
b before the other touches the mercury surface in <i, 
otherwise the E.M.F. of the cell would be applied 
directly to the galvanometer. The accuracy of the 
method is dependent upon keeping constant the num- 
ber of charges and discharges per second, since with a 
fixed capacity and E. M. F. the quantity discharged 
through the galvanometer in one second is i)roi)ortional 
to the number of times the condenser is discliarged. 

Example. 

Cell. Steady Deflection. K.M.K. 

Carhart-Clark, 350 1.44 volts. 

Ajax Dry, 310 1.27 

Bichromate, 430 1.77 

** Diamond" Carbon, 295 1.21 " 

Leclancli6, 380 1.66 " 

93. Measurement of E.M.F. of a Standard Cell by 
a Kelvin Balance. — The apparatus at tlie l)ottom of 
Fig. 91 Is set up as in Lord llayleigh's method of com- 
paring E.M.F.'h. Find first with key if open the num- 
ber of ohms in the box B required to l>alance the E.M.F. 
of the standard cell S in the shunt circuit. Then close 
key K and balance again while the current is flowing 
through the centi-ampere }>alance TB and the standard 
coil immersed in oil. The connections are made in 
the figure on the assumption that the fall of |)otential 
b:*tween the terminals of the coil O is less than the 
E.M.F, of the standard cell. Then when a Ijalance is 
secured, the E.M.F. of the standard cell is l^alanced 
against the F.f>. >)etween the terminals of the coil O 
jiti* ^ ^>. between the terminals of B. At the sa* 
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time that this last balance is made, the current is meas- 
ured by means of the centi-ampere balance. 

A high resistance should be put in circuit with the 
galvanometer and standard cell, but it can always be cut 
out when tlie balance is nearly complete. 




Fig. 91. 



Then if ^ is the resistance of coil (7, i?i and Hi the 
resistances in B to balance with key K open and closed 
respectively, and I the current measured by the centi- 
ampere balance, we have 



I!=IB 



B, 



Bi — -Bj 



IB is the P.D. in volts between the terminals of the 
coil C, This is represented by the loss of potential over 
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the resistance (iJi — iZ^,). But the E.M.F. of the stand- 
ard equals the fall of potential over the resistance Ri in 
the auxiliary circuit of the Rayleigh method. Hence 

R 
the P.D., Zff, must be multiplied by the fraction ^ 



Ri — R2 

to obtain the E.M.F. of the standard. 

The operations may be performed in a slightly differ- 
ent way. First, balance in the auxiliary circuit with the 
standard cell alone, as in the other case. Next, cut out 
the standard cell entirely, close key K and balance again. 
The current through the Thomson balance must then be 
reversed as compared with the figure. Let ^j-and iJj be 
the resistances in the auxiliary circuit to balance in the 
two cases. Then 

E=IR^-. 

The accuracy of this method can be no greater than 
that of the centi-ampere balance, even with resistances A 
and B accurately adjusted. 

The reverse reasoning gives a test of the accuracy of 
tlie balance. Given the E.M.F. of the standard cell, the 
equation determines the current. 

Example. 

Standard Cell, No. 25. 

Resistance in B to balance with K open 9416 

Resistance in 5 to balance with K closed 1802 

Temp, of standard cell 17.2« C. 

Temp, of coil C 17.2'> C. 

Coil C equalled 10 ohms at 9° C. 
Temperature coefficient, 0.0002. 
Hence at \1.^ the resistance of the coil was 10.0164 € 
ugh centi-ampere balance, 0.1162 amp 
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Hence the electromotive force of the cell was 

0.1162 X 10.0164 X — ^^ = 1.4393. 

9416 — 1802 

This is at 17.2° C. At 16° C, 

E = 1.4393 [1 + .00039 (17.2 — 16)] = 1.4406 volts. 

94. Measurement of the E.M.F. of a Standard 
Cell by Means of the Silver Voltameter. — This 
method of measuring E.M.F. consists in comparing the 
P.D. between the terminals of a known resistance with 
the E.M.F. to be measured. To get the P.D. we must 
know not only the resistance between the two points, 
but the current flowing. The current is measured by 
means of the silver voltameter, while the intermediate 
means of comparing the P.D. with the E.M.F. of the 
cell is the Rayleigh method of comparing E.M.F.'s, as in 
the last method. 

First, there must be provided tis constant an E.M.F. 
as possible, so that the current to be meiisured by the 
voltameters may be nearly constant. Let Bi (Fig. 92) 
be a storage battery of a number of cells connected in 
series with a resistance M^ and the standard or accu- 
rately known resistance M. It is desirable to include in 
this circuit also a carbon resistance, or some other one 
capable of changing continuously, or at least by very 
small steps. Fi and VI are the silver voltameters. By 
means of the commutator either a resistance r or the two 
voltameters can be thrown into circuit. By this means 
the current can be adjusted to the desired value before 
the voltameters are put into circuit. The resistance r 
should be made, as nearly as convenient, equal to that 
of the two voltametei'S. The advantage in using a num- 
ber of storage cells and a considerable resistance B' is 
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^tat any small change in the resistance of the voltam- 
eters, or any small difference between their resiHtiince 
^Ud r, will be nearly or quite inappreciable. The oth(»r 
part of the appai-atus consists of the two 10,000-ohm 
l>oxes, A and B, 
With one or two 
Cells of Leclanche 
battery, a sensi- 
tive galvanometer 
(r, a standard cell 
S, the E.M.F. of 
which is to be 
measured, and a 
commutator as 
shown, made by 
boring holes in a 
block of paraffin. 
By connecting ac 
and 6rf, the E.M.F. 
of the standard 
cell is first bal- 
anced against the 
difference of po- 
tential between 
the terminals of 
the box A, At the same time the temperature of the 
cell is noted. Then by connecting a and h to e and /, a 
balance can be made between the fall of potential over 
the resistance R and over that in A, When the prelim- 
inary balance has been secured and the temperature of 
R taken, the connections may be made with the voltame- 
ters and the current sent through them. The balance 
for the P.D. of R is again obtained. If the change of a 




Fig. 92 
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single ohm in A reverses the deflection o£ the gal- 
vanometer, the exact balance niay be effected by means 
of tile parl)on reflistance mentifinect above. The current 
Hliniilil be allowed to flow for lialf an hour, and it may 
eitlier l*e kept constitnt by means of the adjustable resiat- 
unee. or it may l>e oliser^'ed at eqnal time-interviils hy 
nieftiw of the rcHintance in A required t« balance. The 
Ixilance for S Nhiinld lie tested occasionally, anil the 
temiwratiire of the cell slioidd be kept consbiut it 
IHKwible. 




The resistance R should be made of manganin wire 
immersed in paraffin oil, and the case should be pro- 
vided with a stirrer to equalize the temperature. Any 
small change in this resistance is practically negligible, 
but allowance may be made for it, since the temperature 
coefficient of the manganin wire is supposed to be known. 
Fig. 93 shows the method of plotting the observations 
for a normal Clark cell and for the current. The mean 
value for the Clark is 5751,5 and for the current 3691.2. 
These values represent the mean ordiiia.te& tov the two 
curves. 
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Let ^1 be the resistance in box A required to balance 
ihe Clark cell, and R^ the resistance required to balance 
RJ of the known resistance R. 

Let M be the mass of silver deposited, t the time of 
ieposit, and z the electrochemical equivalent of silver in 
^mmes per coulomb. Then 

z = 0.001118. 
M= Itz. 



Therefore 



and 



J& Ml 

Ml R2 

Bj zt 



The value of E thus found requires correction to 
reduce to temperature 15° C. 

Ezamples.i 

In the experiment to which the two curves of Fig. 93 relate i?i 
= 5751.5; i?2= 3691.2; i? = 0.9877 at 17^ C. 

Temp, of Clark, 16.45° C. 

Jlf = 2.8095 gms. 

^ = 2700 seconds. 
Hence 

E = 0.9877 ^I^IA . ^^ = 1.4324. 

3691.2 2700 X 0.001118 

Correction to 15° C. with coefficient 0.00077 = 0.0016. 
Hence E = 1.4324 + 0.0016 = 1.4340 volts at 15° C. 



Again, Ri = 5722.5 ; i?2 = 3904.5. 
i? = 0.9877 at 17° C. 
Temp, of Clark, 16.5° C. 
M= 2.6071 and i = 2S57 seconds. 



' Glazebi'ook and Skinner, Phil. 2Vo/i«., Vo\. ISS ^l^afTj k^-^^.^l-^^^- 
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Then « = 0.9877 



5722.5 



2.60 



Correction 
Whence 



3WJ4.5 2367 X 0.001118 
°C. =0.0017. 
= 1.4322 +0.0017 = 1.4339 Tolta. 



, Electrostatic Voltmeters. — The forces operatr 
[1 an electrostatic voltmeter are due to the attrac- 
iiii) i-epulKioii l)etween static eliarges. Like the 




eleetrodynamometer, it is applicable to both direct and 
alternating eiirreiits. It has no self-induction and takes 
no appreciable current, even on an alternating current 
eiituit, because of its small capacity (Art. 111). 

The instruments illustrated in Figs. 94 and 96 may 
very properly be called electrostatic electrodjiiamome- 
ters. Each contains a mirror from which a beam of 
light from a lamp is reflected to a fixed scale ; and in 
using them fae spot of V'^ht is V--' ' ' 'W i.«^q 
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^^ initial position by turning the torsion head before the 
heading is taken. The beam of light, al)out a metre 
"•^ong, takes the place of the pointer of a Siemens dyna- 
Hiometer. 

Referring to Fig. 94, which consists of a horizontal 
and a vertical section, it will be seen that the fixed i)<)r- 
tions of the electrostatic part of the instruuKjnt consist 
of four half-circular flat boxes, three inches in diaiiu*t(M- 
and half an inch in depth inside. The lower pair is 
supported on ebonite pillars, and the upper one is car- 
ried on the lower by means of lead-glass rods set into 
appropriate sockets. 

The needle consists of two half-circles of very thin 
aluminium mounted on a wire of the same metal, as 
shown in the lower left-hand corner of the figure. It is 
evident that when the half-circular boxes are cross- 
connected and one pair of these inductors is electri(;ally 
connected with the needle, the forces acting on the 
movable system all tend to turn it in one direction. 

The needle is suspended by a phosphor-bronze wire, 
about 0.038 mm. in diameter, from a brass toi^ion-head 
with a hard-rubber top. The suspending wire is per- 
fectly free except at the point of support at the top of 
the brass head. The axis of the needle is connected 
below by means of a platinum-silver spiral to the cup 
containing paraffin oil as a damper. The damper itself 
is a horizontal disk supported by two wires from the 
axis of the needle, and having at its centre a hole 
through which passes the pin holding the lower end of 
the spiral. The needle is charged through this spiral ; 
and, since the instrument is a zero one, the spiral does 
not affect its sensitiveness if the beam of light compos- 
ing the pointer can be brought accurately back to zero 
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l)efore the reading is taken ; for the instrument is setup 
Ko that tlie spiral is entirely without torsion when the 
l)eam of liglit is at the zero of the scale. The torsion 
scale rests on tlie hard-rubber top and is divided into 
400 ecjual divisions. The pointer is set to the zero of 
til is scale after all other adjiLstnients liave been made. 
A key, sliown in tlie charging position, is made to dis- 
charge the semi-i'ircular inductors by turning it through 
1S0°.' 

When the instrument is charged, the system swings, 
twisting lK)th the supporting wire and the steadying 
si)iral at the lM)tt()m. This spiml has more torsion than ; 
the wire. The toi"sion head is turned till the spot of 
light returns to zero, and the twist of the suspending 
wire is then read by the pointer on the circular scale. 
The spiral is without torsion when the torsion head 
stands at zero, but it serves to overcome the surface 
viscosity of the damping fluid, and to give a constant 
zero reading. The instrument is practically dead-beat 
and its performance is very satisfactory. The one rep- 
resented in Fig. 94 was intended to measure up to 1,100 
volts. Fig. 95 is its calibration curve. Since the in- 
strument is used idiostatically, this curve, like that of 
the electrodynamometer, should be a parabola. It de- 
parts from a parabola only very slightly. The constant 
increases a little on the upper readings. The points on 
the upper part of the curve were obtained by means of 
a platinoid resistance of 4,000 ohms, wound non-induc- 
tively on three frames supported in a liorizontal position, 
so that all portions of the wire remain at the same tem- 
perature. This wire is divided into four sections, ami 
the resistance of each section is ace\it^te\>f Vwo^w. ^\vfc 
smallest is about yV of tbe entu-e amomvt, T\v^ >n\v^ 
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was connected across the mains leading to an alternating 
dynamo, while conductors led from the terminals of the 
smallest section to a Kelvin multicellular voltmeter. 
The performance of this particular multicellular instru- 
ment is not satisfactory, partly because of an uncertain 
zero. Hence the vagaries of the points on the upper 
part of the curve. The points nearer the origin were 
taken by comparison with a Weston voltmeter and with 
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additional known resistance in circuit with it. A later 
calibration by means of the smaller instrament (Fig. 
96) gave a better result. 

Fig. 96 represents a similar instrument of smaller 
dimensions designed to measure from about 20 to 100 
volts. Its principle is identical with that of the other, 
an<I its construction is similar. The suspending fibre is 
in this case quartz. Instead of semi-circular boxes for 
the inductors, parallel 8emi-«ircular plates are secured at 
fixed distJinfio'j- and the entire system of inductorc '*■ 
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hung from the hard-rubber cross-bar which is adjustaUe 
on the supporting 
brass pillars carrying 
the top plate, scale, 
and toision head, 
97 is its calibration 
curve. The suspend- 
ing fibre has aiiioebeen 
replaced by a alightlj 
thicker one, so tbat 
one revolution of tiie 
toision head corre- 
sponds almost exactly 
to 100 volts. Vertical 
cylindrical quadrants 
'"'*■ **' ■ and a vertical cylio- 

I needle were first tried,' but these did not prove 
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so satisfactory as the horizontal form of inductor j 
and needle. 

'Profxidingi o/tht laternational Eltntrical Coagtm, 1893, p. 20i 
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06. Calibration of a Voltmeter by Means of Stand- 
ard Cells. — The method consists in balancing the elec- 
tromotive force of one or more standard cells agaiDst a 
fraction of the potential differences applied to the bind- 
ing-posts of the voltmeter, and determining this fraction 
by means of well-adjusted resistance boxes. Let li and 
H^ (Fig. 98) be two good resistance boxes, the first pref- 
erably as large as 100,000 
ohms. The range of the 
second one will depend 
upon the range of the cali- 
bration and the number of 
standard cells used. B is 
a storage battery of a suffi- 
cient number of cells to 
give the requisite potential 
difference. Vary the resist- 
ances li and M' till on clos- 
ing Ki and K, in order, the 
galvanometer shows a mini- 
mum deflection. Until the 
balance is nearly completed 
it is better to insert in the 
shunt circuit containing the 
galvanometer and standard cells aS' a high resistance. If 
no current passes through the galvanometer the electro- 
motive force of the standard cells is equal to the poten- 
tial difference between the binding-posts of M', Read 
now the voltmeter V. 

Then 

V=2jE ^^/^ ' (for two standard cells), 
where Vis the number of volts and JS?ti 




Fig. 98. 



. ^ .•! 
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force of the standard corrected for temperature. If the 
voltmeter is direct reading, the difference between Y 
and the reading will be the error at that part of the 
scale. 

The voltage may then be changed and another bal- 
ance taken, continuing the process till the entire scale 
haa been traversed. 



QUANTITY AND CAPACITY. 207 



CHAPTER V. 



QUANTITY AND CAPACITY. 

07. The Ballistic Galvanometer. — The quantity of 
electricity discharged through a galvanometer during a 
transient flow may be measured by means of the first 
swing of the needle, provided its period of vibration is 
sufficiently long to permit the passage of the discharge 
before the needle moves through an appreciable angle. 
Such a galvanometer is called a ballistic galvanometer. 

The general expression for a continuous current with 
any galvanometer is 

where diy equals the magnetic field, G- is the galvanome- 
ter constant, and 6 is the angular deflection. 

When the deflection is small, with any galvanometer 

/= *■ ^. 

The i)resent problem resolves itself into finding what 
function of the deflection must be multiplied by the 

constiint - to give the quantity discliarged through the 

galvanometer. 

The maximum moment of tlie deflecting couple, due 
to a current I^ is 

- %mlia = dmia (Art. 62), 
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where / is the half length of the needle and dHo its mag- 
netic moment, 2mL The moment of a couple producing 

an angular acceleration -— is^--, in which Jf is the 

at at 

moment of inertia of the movable system. 

Therefore 

'd<o 



dmia=K 



dt 



I 



The instantiineous value oil is — ^, for /= ^ whentlie 

dt t 

current is constant. 

Therefore tMa^^K^. 

dt dt 

If G) is zero at tlie instant wlien the circuit is closed, 
then integrating, 

^imaQ = K<o (i) 

nI We must now obtain the expression for 

tlie energy of motion of the system at the 
instant when 6 becomes zero and place it 
equal to the work done in producing a 
deflection. The kinetic energy of a rotat- 
ing system in terms of moment of inertia 
and angular velocity is 

Now, if tlie total work done on the 

needle is represented by the kinetic energy 

of the system as it passes through the 

si position of zero deflection, that is, if 

Fig. 99. there is no damping of any kind, then 

this energy may be equated to the work 

done on the needle against the force of control. If the 

impulse on the needle moves it from the position of 




C%m \ 
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equilibrium through an angle 6^ the work done on it in 
moving its poles a distance Aa (Fig. 99) against the 
controlling force SSm on each pole is 2^7n. Aa. 

But Aa = 1(1 — cos ^). Hence the work done on 
both poles in producing a deflection is 

2ffeml (1 - cos 0) = ffeSIB (1 - cos 0). 

Therefore ^JTco^ = ffggrB (1 - cos ^). 

But from equation (1) 



_/ &maQ \ 



Hence 

K 2 

Solving, 

Q= —\ sii^7: = ^r'\/ . 2sin -. (2) 

a^ SIB 2 a ^ 968m 2 ^ ^ 

The time of a single vibration of the magnet is given 
by the equation 



^='V. 



K 



d6dm 

from which ^ ' 



^"V^ 



_ mmB 

Substituting in (2), 

96 T 

Q^a'iif' 2sin-. ... (3) 

This is the full equation for quantity without any 
damping coefficient. 

If is small, sin - may be taken equal to - ^, and 

Z 2 

or the quantity is proportional to the first angular throw. 
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IE r is tlie olwerved time of a single oscillation tm 
ati nm])litiiile a, then tlitt time for an infinitely small iirc 
is given by tho equation 

^ 4 4 64 i / 
T-aHc III. in the Ap|«:n<Ux cnntjvins the correc^tions. 




If d is the dcflectinii in st-ale [larts and u 
between tlie niin-nr iiiid scale, tlien 

1 (f\ 
~ 256 «7 ■ 

For accuracy the value of T„ shouM he ^ 
above formulas for Q. 

A ballistic galvanometer complete is shown 
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The astatic system, consisting of four bell nmj^netH, is 
^t the right of the cut. W is the soft iron ring nut 
^hich is employed as a magnetic shunt to adjust the s(»n- 
^iV>ility of the whole astatic system. When it is turniMl 
^p toward the poles ns the magnetic moment of this 
lowrest magnet is diminished 

98. Correction for Damping. — A correction to the 
deflection may be necessary on account of the <ljnui)- 
ixig action on the needle due to setting the air in motion, 
and to the induced currents produced in the coil by the 
movement of the needle. 

If the deflection is small, so that we may write the 
angle for the sine of the angle, and if the damping also 
is small, we may write 

where is the first deflection, and 0^ is the following 
one in the same direction.^ Here the decrement of the 
first half-swing is taken equal to one-fourth the total 
decrement of the succeeding four half-swings; or the 
decrement of the first quarter of a period is taken e(inal 
to one-fourth the decrement of the comi)lete period fol- 
lowing. 

The logarithmic decrement of the. motion is the Nape- 
rian logarithm of the ratio of any one amplitude to that 
which succeeds it after an interval of half a period. Let 
it be denoted by X. 

To apply it to the correction for damping, let rii, n.,^ 

^L*£lectri€U4, Mascart and Joubci*t, Tome 1, p. 558. 
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W:;, eU*., l)e successive scale readings. Then the ratio of 
one amplitude to the next following is 

Ht — ru 

P=- -, 

9h — fh 

and logtp = X. 

Tlie constancy of the ratio p, or of the logarithmic 
deirt»nient X, means that the successive amplitudes 
dciTi*ase in a geometrical series. Let the differences 
K'twecn the successive scale readings, that is, the suc- 
cessive amplitudes, be denoted by ai, Oo* «3, etc. 

P P P P"" 

Wlicnce log/i, = log/ii - (n - 1) log,/}, 

an<l logc'^- = log.ai — (m - 1) log./o, 

wlicrc the tii-st equation applies to the n^ amplitude and 
the second to the w**. Subtracting the first equation 
from tlie second, 

log./?. — log,/7^ = (n — in) log.p = (n — m) X. 
Tlierefore 

If (7^ is the fii-st amplitude and a^ is the w*, then 



X= - 



-„^i'°Ks) 



If now a represent the first amplitude not diminished 
by damping, ai being the observed amplitude, then 

n — w for the two is - , and 

• 2 

or 

-X + loge^i = log " 
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But 
a — 

Now 


jfore 


= 1 + 5+ ^ + . 


X «^^^-«i 


1 

• 
1 


xai. 


There 




> • • « 





and a == «! 1 1 4- ^ X j , omitting higher i)owei's. 

If then X be determined by observing tlie first and n^ 
amplitudes and substituting in the equation 

X= 1 log.M, 
n-1 \a^/ 

the equation for quantity becomes 

where 6i is the first angular deflection,^ and the damping 

is small. 

Example. 

Scale readings + 130, — 120, + 105, — 97, + 85. 

Heneo X = i log, o — • —\n. = 0.1062, 

4 °^^ 85 0.4343 

and l + -;i= 1.0531. 

2 

The damping correction amounts to 5.3 per cent. 

09. Standard Condensers. — Standard condensers 
are made of tin foil interlarded with mica, and finally 
embedded in solid paraffin. The experimental deter- 

> Williamson's Differential Calculus ^ p. 62. 
•Maxwell's Electricity and Magnetism, Vol. II., p. 357. 
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mination of the capacity of such condensers is more or 
h'SH affected by conductivity and by absorption. The 
cajwicity witli solid dielectrics is a function of the duia- 
tion of the charging. For a primary standard of capacity 
it is ni^cessarv to use a condenser >vith air as the dielec- 
trie, an instrument which Lord Kelvin calls an air- 
Ltv<lcn. The insulation resistance, which should be 
sfvt'nil thoiLsand megohms, may be measured by one 
of the meth(Hls in Chapter III. ; and if any portions of 
a sulMlividecl condenser are found to have faulty insula- 
tion, th(^y cannot Ihj used. The paraffin used by the 
lH*st foreign makei*s litis been known to contain traces 
of acid which attiicks the metal embedded in it, and 
causes tlie insulation to deteriorate. When the top is 
clean and dry a good condenser should not lose an 
appreciable part of its charge in an hour. The influ- 
inice of absorption can be eliminated only by the appli- 
cation of the method of rapidly alternating charges and 
disci Kirges. 

A subdivided condenser is usually made in the form 
shown in Fig. 101, in which one side of all the sections 
is connected to the brass bar marked Earthy and the 
other sides to the blocks A^ -B, (7, i), J?, as indicated by 
the dotted lines. When any section is to be used it is 
connected by a brass plug to the bar marked Condenser, 
The other sections may at the same time be completely 
discharged by connecting to Earth, For example, the 
condenser has a capacity of 0.3 microfarads when A^ J5, 
and C are connected to Condenser,, I) and E being to 
Earth, It is evident that great care must be exercised 
in putting in the plugs, for the battery applied may be 
short-circuited if plugs are inserted at both ends of any 
1)1 ock. 
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The accuracy of a standard condenser nmy Iw tcHtt'd 
oy comparing the different sections with oiii; iinotlicr 
when a second condenser is not availaltle. 'J'hii« clmrfrt? 
■4. hy connecting to CondtTuer, all the other lilwrks bt-ing 
joined to Earth. Then remove all plugs and divide A't 
charge with B by connecting lx)th blocks tn Condeimei: 
A and B should then liave equal charges if tlieir iruiiui-i- 
tJes are equal. This can lie deterniiucd by discbai-giiig 
first one and tlien the other tlinnigli a Iwillistif gsd- 
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vanometer and observing the throw. Use sufficient 
E.M.F. to get a satisfactory deflection. Next coniijare 
O and D in the same manner. Then charge A, B, and 
simultaneously, divide C's charge with 2), and ascer- 
tain whether the charge of A and B together is equal 
to that of C and -Z> seiKtrately. Finally, charge A, B, 
C, and D together, and divide their cliarge with H. 
The discharge of B should then give the same throw 
of the galvanometer as that of the other four together. 
For this method the tojis of the pings should be well 
insulated. 
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Any one of the sections may be made the basis oi 
a comparison for the remainder. In every case the 
charges compared by the ballistic galvanometer will be 
verj' nearly equal. Hence, the deflections may be taken 
proportional to the charges without error; and since the 
charges are proportional to the capacities, 

{^2 ^2 ^- 

Hence ^2= Ci — = (^a. 

Let a be the ratio l)etween A and B. 

" b " " " " A + B and ^0. 

" c " " " " (7andi>. 

" d '' " " " A'\'B+ C + BsindE. 

Then ^ = 0.05. 

B = 0.05a. 

C = 0.05 (1 -f a) 2b. 

B = 0.05 (1 4- a) 2bc. 

E= 0.05 (1 + a) (1 + 2J + 2Jc) d. 

100. Comparison of Capacities by the Method of 
Divided Charge. — The method of calibrating a stand- 
ard condenser described in the last article may be applied 
to the comparison of any capacity C^ with that of the 
standard Ci. 

The standard is first charged by a potential difference 
which need not be known, but which must remain of 
fixed value. The charge Qi is then measured by dis- 
charging through a ballistic galvanometer. The stand- 
ard is again charged to the same potential difference, 
and therefore with the same quantity ^i, and is then 
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connected for a few seconds in parallel with the cable 
or condenser whose capacity is to be measured. The 
charge Qi divides in proportion to the capacities of the 
two connected condensers. The charge remaining in 
the standard is then measured by the ballistic galvanom- 
eter. Call it Q. Then the charge in the condenser of 
unknown capacity C2 is Qi — §, and 

C, Q ' 
Whence 

n —. n Q^'~ Q 

For the highest accuracy Ci should be equal to C2. 
This may be demonstrated by the general principle of 
Art. 36. In this case we wish to find the partial 
derivative of C2 with respect to Q. 



dQ ' 'Q' " 'QiQi-Q) 

The minus sign is used with the derivative, because 
C2 decreases as Q increases. The relative error is 



O2 " QCQi-Q) 

For a minimum the denominator QQQi—Q^ must be 
a maximum, since Q is the variable and Qi the constant. 
But ^ + (§1 — §) = §1, a constant; and when the sum 
of two factors is a constant their product is a maximum 
when they are equal to each other, or when Q= Qi— Q. 
Hence for a relatively minimum error, 

This means that the charges must divide equally, or 
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f\ must equal C.. After a preliminary trial, therefore, 
adjust the sulKlivided standard condenser so that the 
«a|>iieity used shall lie as nearly as i)ossible equal to the 
«a|>in*ity to l)e measured. 

The rhief objection to this method lies in the fact 
that the two charges comjwred Ixjar the i^atio of al)out 
two to one. Hence, the ol)served deflections of the 
iKiUistic galvanometer must lie corrected to render them 

proportional to sin - instead of tan 20 (Table I.). 



1 : 



u 



c, 



c. 



R, 



t 




B 



101. Comparison of Capacities by the Bridge 

Method Let the two condensers be placed in two of 

the arms of a Wheatstone's bridge, 
and two resistances in the other 
two (Fig. 102), the galvanometer 
joining the branches on either side 
connecting a capacity to a resist- 
ance. Adjust the resistances B\ 
and R? till the galvanometer shows 
no deflection on charging and dis- 
charging by means of the key K. 
When there is a balance the poten- 
tials of the points A and B remain 
equal to each other during charge 
and discharge. Hence the two con- 
densers, being charged with the 
same difference of potentials, will 
contain quantities proportional to 
their capacities, or 

But the quantities flowing into the condensers in the 



R. 



K 



i 



1 

T 



Fig. 102. 
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same time are inversely proportional to the resistances 
^1 and ^2« Hence . 

\^'> Ja/\ \J2 

or C,= C,^. 

The resistances Si and Ry must be non-inductive 
and without capacity. It is desirable for accuracy that 
the two capacities should be nearly equal to each other, 
and that the resistances should be moderately large. 

The charge and discharge of long cables or of cables 
coiled in tanks is much retarded by absorption and elec- 
tromagnetic induction. Hence when the time constants 
of the two condensers compared are very different the 
bridge method may give a result largely in error, partic- 
ularly for rapid charge and discharge. To avoid this 
error the key K should be worked slowly. 

Example. 

Comparison of a subdivided condenser with one piarked q 

microfarad, but found by an absolute determination to have a 
capacity of 0.3345 mf. 



Subdivisions. 


^1 


R, 


C2 


0.05 


1046 


7000 


0.0500 


0.05 


1042 


7000 

4 


0.0498 


0.2 


4140 


7000 


0.1978 


0.2 


4151 


7000 


0.1983 



102. Comparison of Capacities by Gott's Method. 

— This is also a bridge method, but differs from the last 
one in exchanging the places of the galvanometer and 
battery. The arrangement is shown in Fig. 103. 

Two resistances R^ and ^2 are selected inversely pro- 
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portional to the supposed values of Ci and Ci. The 
key Ki is then closed and clamped. After a few seconds 

key Ki is closed, and if any 
deflection of the galvanometer 
occurs, the condensers are 
dL^^charged by opening Ki and 
closing K:t • After readjusting 
Rx or IL the operation is re- 
peated and continued till on 
closing Ki with the batterj^ 
still in circuit no deflection 
is produced. 

Since the two condensers 
are connected in cascade they must contain the same 
quantity and C, 11 = C^Vi^ where Vi is the fall of poten- 




Fig. 103. 



tial over 


^1, 


and Vi 


that 


over 


Hi, 


Hence 


















c. 
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Ji. 








Ci 


Ti 


'Jt\ 



The battery remains in circuit except during the dis- 
charge of the condensers. For highest accuracy the 
resistances should be quite large and the capacities 
equal. 

The galvanometer key should be well insulated, as 
well as the conductors leading to the condensers. It is 
not necessary to insulate the battery. 

103. Correction for Absorption. — The last method 
furnishes a means of measuring the absorption of one of 
the condensers compared. Assume (7, as the one which 
absorbs a charge. Obtain a balance exactly as with the 
Gott method. The inverse ratio of the resistances will 
not be then the ratio of the true capacities. For, since 
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same quantity Q has entered each condensi r, while* 

x)rtion q has been absorlx^d, the iM)tential diffrri'nre 

cween the two sides of d is due to a rharge V — <y, 

lile the potential dififei^ence of C\ is (hie to the charge 

. Then 

V^=^^, and V.= 9. 

where V\ and VI are the differences of ix)tential l)etwecn 
the terminals of Mi and iJ, respectively when a Imhuue 
has been obtained. From the two preceding equations 

CiV, + q=C,V,. 

Therefore ^' = ^' - ? __ ^. _ 7 / 1 . J^A 
J herefore, -^^ - ^- -^,^ ^^ - ^ ^,^^^ ^ 1 -. -^^ j , 

where Ui is the electromotive force of the lottery. 

To find q^ with the key Ki closed adjust lii and Ji.2 so 
that the galvanometer shows a small deflection due to 
the discharge of a fraction of the charge of C, on closing 
the key K^. This is effected by diminishing R.^ slightly 
relative to i?i . 

Then open -Ki, break the circuit at Ki , and after a few 
seconds close K^ and observe the deflection. The gal- 
vanometer needle should now swing in the oi)i)osite 
direction to that observed before opening the battery 
circuit. If necessary readjust the resistiinces till the 
two opposite deflections are equal to each other. The 
quantity discharged through the galvanometer in either 
direction is then equal to q. 

To find now the value of q^ charge a condenser of 
known capacity with a known E.M.F. and discharge 
through the ballistic galvanometer. Let the deflection, 
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I'orrectecl for damping, be ds, and let the deflection due 
to y be rf 1 . Then 

€12 

where C is the known capacity and J^ the known E.M.F. 



104. Comparison of Capacities by Thomson's 
Method of Mixtures. — This method takes its name 
from the process of mixing the charges of opposite sign 
of the two condensers compared in order to determine 

whether those charges are 
equal. C (Fig. 104) is a 
Pohl's commutator, which 
must be well insulated. 
When it is turned so as to 
connect the terminals of 
the battery with the inner 
coatings of the two con- 
densers, Oi and Cj}, they 
are charged with the po- 
tential differences existing 
between the terminals of 
the two resistances Mi and 
R2 respectively. When 
the commutator is turned 
the other way, the two charges of opposite sign mix. 
To ascertain whether they are equal and completely 
neutralize each other, the key K is then closed and any 
residue remaining in either condenser is discharged 
through the galvanometer G. The resistances Mi and 
M, should be large and the capacities about equal. The 
electromotive force should be as lav^e as the resistance 
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boxes will safely permit, especially for the final adjust- 
ment, since only the residue of the two charges remains 
to affect the galvanometer. 

The point A is sometimes grounded. This is essen- 
tial when the capacity of a cable is to be measured. 
The core of the cable is then connected to the com- 
mutator and the earth is the outer coat. High insula- 
tion of the rest of the apparatus is essential. 

Example. 

To compare a special mica condenser G2 with a Marshall con- 
denser Ci of 0.3345 microfarad capacity. 

/e, R, c, c^ 

590 340 0.3345 0.1928 

1400 807 0.3345 0.1928 

105. Dischargre of a Condenser througrh a Higrh 

Resistance. — When a non-absorbing condenser leaks 

through a high resistance 72, the fall of potential is 

expressed by the equation 

_ t_ 

V= Ke *^ (Art. 51), 

in which V„ is the initial potential or charging electro- 
motive force, and V is the potential after the condenser 
has been leaking t seconds through a resistance R. If 
potentials are plotted as ordinates and the times of leak- 
ing as abscissas the curve will be exponential in form. 

Since the (quantity held by a condenser of capacity C 
is proi)ortional to ite potential, we inay also write 

We also have 

tit 1 



E = 



^' log. I? ^' log,o|?x-2.303 
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as the resistance through which the condenser leaks, 
expressed in terms of common logarithms and the deflec- 
tions of the ballistic galvanometer employed to measure 
the charges. 

The actual curves obtained by experiment will differ 
from the theoretical exponential ones because of the 
complication introduced by absorption. So also the re- 
sistance computed from observations made at different 
time-intervals of leakage will not be constant, but will 
increase with the time. 

The apparatus may be set up as in Fig. 105, in which 
JT is a charge and discharge key. When the lever b is 
brought in contact with a the condenser is charged by 
the battery B. If the lever b is thrown over to c the 

whole charge is at 
once passed through 
the galvanometer G-. 
This gives the de- 
flection do. Then 
charge again and 
place the lever mid- 
way between a and 
c for five minutes or 
more, the time de- 
pending upon the 
insulation resistance 
of the condenser. If 
that is too high to 
I)ermit of frequent observations, a resistance of about 25 
or 30 megohms, if available, may connect the two sides 
of the condenser. At the end of the observed time of 
leaking, the lever b is again made to touch e, and the 
deflection corresponding to the charge remaining in the 
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Fig. 105. 
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^^denser is observed. Charge again and proceed in 
1*^6 same way, increasing each time the jwriod of leak- 
^g till a sufficient number of observations have lieen 
^^cured. 

It is obvious that all pai*ts of the circuits, including 
the galvanometer and the battery, must be highly insu- 
lated. The deflections, or the corresponding quantities, 
may then be plotted as ordinates and the periods of 
leaking as abscissas. 

106. Residual Discharges. — For the purpose of 
studying the residual charge it is advisable to experi- 
ment with a cable of sufficient capacity and with an 
insulation which constitutes a dielectric of large absorb- 
ing power when the cable is immersed in water. A 
cable of high insulation resistance should be selected. 

Proceed as follows : Charge the cable with an electro- 
motive force of 50 to 100 volts for several hours. It will 
often continue to absorb a charge for twenty-four hours. 
Discharge it through a low resistance by closing the key 
for a very short interval. This is best accomplished by 
using the pendulum apparatus (Art. 58) and setting 
three keys so that the fii-st one opens the charging cir- 
cuit, the second discharges through the low resistance, 
and the third insulates the cable. Let it stand insu- 
lated for five seconds and then discharge through a 
ballistic galvanometer. Next charge again to the full 
by applying the same electromotive force as at first for a 
period about twice as long as the cable has been left 
insulated. This is done by resetting the keys on the 
automatic pendulum device in the proper order. 

Then again discharge through the low resistance, and 
increase the time of standing insulated to ten seconds. 
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passing the residual charge as before through the gal- 
vanometer. Recharge for about double the time the 
residual charge occupied in coming out, and repeat 
the observations with increasing intervals of insulation. 
Finally, plot the deflections (or quantities) and the cor- 
responding periods of insulation. 

Example. 

A coil of insulated wire, which had been in a tank of water 
for 15 days, was charged by a storage battery of 73 volts elec- 
tromotive force for several hours. The length under water was 
997 feet, its capacity 0.075 microfarads, and its insulation resist- 
ance 400,000 megohms. 

The keys on the charge and discharge apparatus were so set 
that the cable was discharged through a low external resistance 
for about ^ second. The insulation periods ranged from one 
second to two minutes. The following are the data of the ex- 
periment : 

I Rise in volts 

)s. during the intervals. 

4.76 

5.60 

6.23 

6.95 

8.43 

9.29 

9.87 

10.57 

11.16 

1177 

12.39 

12.73 

14.01 

15.36 



Intervals 


Mean 


Quantities 


in seconds. 


Deflections. 


microcoulo 


1 


19.4 


0.357 


2 


22.8 


0.420 


3 


25.4 


0.467 


5 


28.3 


0.521 


10 


34.9 


0.632 


15 


37.9 


0.697 


20 


40.2 


0.740 


25 


43.1 


0.793 


30 


45.5 


0.837 


40 


48.0 


0.883 


50 


50.5 


0.929 


60 


51.9 


0.955 


90 


57.1 


1.051 


120 


62.6 


1.152 
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It was necessary to shunt tbe galvanometer with the -^ shunt, 
because without it after the fifteen-second period the deflection 
became too large. Its constant was then 0.0184 luicroeoulumb per 
mm. deflection. The observations are plotted in Fig. lUG. 
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107. To measure the Absolute Capacit? of a Con- 
denser — -First Method.' — When a quantity of elec- 
tricity Q is discharged through a ballistic galvanometer, 



6 \a tlie first angular throw. 



X)0. 



which d IS the deflection and a the distance of tlie scale 
from tlic mirror, hoth in millimetres. Then 



«=x?Xi-±iyrf. 



(1) 



U Gce'a Pnetual PAgiici, Par 
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If a condenser of cajmcity C be charged with an 
E.M.F., -K, then 

Q=i:c. (2) 

From (1) and (2) 

C-A^i±t^. . . . (3) 

If now we use the same battery to produce a steady 
deflection di through a resistance R^ including that of 
the battery and the galvanometer, then 



for small deflections. 
Therefore, 



Ji 2a 



A^2a^ 
E Rdi 



... (4) 



Substitute in (3) and 



^_ 7(1 + ^X) d 
irR d\ 



(5) 



lu jmictice fu-st determine d by charging the condenser 
with an electromotive force JE, as in Fig. 88, discharging 
through the ballistic galvanometer, and notice the deflec- 
tion or first swing d. 

Next, find the time of a single vibration, correcting 
for reduction to an infinitely small arc. 

Third, determine R and di. R must be a high 
resistance, and probably the niW shunt will need to be 
used with the galvanometer. Increase R until the 
deflection is within the proper limits. Then if ^i is 

the external resistance, h that of the battery, and ~Jl^— 

ff + s 
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that of the galvanometer and shunt in parallel, the total 
resistance in circuit will be 



B = R, + h + 



9^ 



^ + « 



But since the shunt is used, the equivalent resistance for 
the current measured is 



R 



-i 



Bi + h + 



9^ \ 9 + » 
9 + ^J « 



Finally, substitute in equation (5). If It is in ohms 
C will be in farads. 

108. Absolute Capacity of a Condenser — Second 
Method. — This method rests upon the production of a 
steady deflection of the galvanometer by a succession of 
rapid discharges through it from the condenser. If the 
rate of discharge is a large number of times the frequency 
of oscillation of the galvanometer needle, the effect of 
these discharges in pro- 



ducing a deflection is 
the same as that due to 
a current numerically 
equal to the quantity 
of the discharges a 
second. 

The apparatus may 
be set up as in Fig. 
107. iT is an automatic 
device for charging 
the condenser and dis- 
charging it through the galvanometer at an unvarying 
rate. The tuning-fork with the attachment describe'^ ^*** 
Art. 92 may be employed. 




Fig. 107. 
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If w be the iiuinl)er of discharges per second, C the 
capacity of the coiideiLser, and E the charging electro- 
motive force, then for one discharge q = EC^ and for n 
discharges nq = nEC. This quantity is equal to the 
current /, which will produce the same deflection. 

If (7i is the deflection in scale parts, corrected by Table 
II. for i)roportionality to tan 0^ then 

md, = nEO (1) 

where m is a constant equal to the current corresponding 
to a deflection of one scale part. 

Next connect in series the same battery, the gal- 
vanometer, and a high resistance ^i, the galvanometer 
being shunted with a resistance «. Then if d^ is the 
deflection, corrected as before, 

mdo = < j" • • • (2) 






s + ff 



Divide (1) by (2) and 



a^ 8 

It is the total resistance of the circuit, neglecting the 
internal resistance of the battery. 

Therefore, 0="^' ^ ^ 



109. Absolute Capacity of a Condenser — Third 
Method. — The condenser whose capacity is to be meas- 
ured is placed in one of the branches of a Wheatstone's 
bridge (Fig. 108). One side of the condenser is alter- 
nately connected to S for charging and to II for dis- 
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charging n timeH a second by ineaiiH of a vibrating 

plate 7\ or a tuning- 
fork (Ai-t. 92). Tbe 
Condenser is tliiis 
^barged and dis- 
charged n times a 
Second. During the 
charging of the con- 
denser a part of 
the charge passes 
through the galva- 
nometer in the oppo- 
site direction to the 
steady current flow- 
ing when the con- 
dense r is fully 
charged and while it is discharging. 

The resistances are varied until a balance is obtained 
as iu the use of the Wheatstone's bridge for the meas- 
urement of resistance. Then if the resistances of the 
several branches are represented by the small lettei-s in 
the figure, 

„C = 1 ' .1 

j (a + fc + d) (a + c) - a (a + <?) j j (« + <^) (« + '- + i/) - « ( « + c) j 

In practice it has l)een found unnecessary to use the 
complete formula. Where a and b are small in com- 
parison with c?, //, and d^ we may write 

a 




n 



0= -: 



Ci 



d 



1 + 



a 



M) 



M. J. Thomson, in Phil. Trans., 1883, Part III., p. 707 ; R. T. Glazebrook, 
Jn /5J/Z ^a^., 1884, Vol. 18, p. 98. 
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This approximate formula may be demonstrated as 
follows : 

The quantity required to charge the condenser equals 
the product of its capacity and the maximum value of 
tlie potential difference between D and B which is 
rtiached wlien the condenser is fully charged. Assuming 
that tlie time required to charge the condenser is a very 
small fraction of the period of the fork, we may sup- 
pose a steady current flowing through the galvanometer 

for - of a second, followed by a momentary rush through 

it in the opposite direction of that part of the charge 
which goes through the branch ff. The galvanometer 
needle will appear to stand still in its zero position if 
tlie total quantity passing through the galvanometer is 
algebraically zero. The period of the galvanometer 

must be large in comparison with -. 

The value of the steady current through d is 

JE 

a + c + g 

if JE is the E.M.F. of the battery. Put R for the 
resistance 

i + ^j^+il + d. 

a + c+g 
Then the steady current through g is 

^ _a 

li ' a+ c-{-g' 

These currents cause a fall of potential between D 
and B of 



El., ag \ 



QUANTITY AND CAPACITY. "I'^V^ 

Hence the total quantity required to charge the con- 
denser to this potential difference n times a second is 



n 






Neglecting self-induction, the portion of tliis cliargc 
passing through the galvanometer is — times tlie 

whole, and this discharge is balanced by tht* steady cur- 
rent through the galvanometer in the oppositt* direction 
for the rest of the i)eriod. 
Therefore, 



n 






Hence, 

nU = — 



cd 



" " e ^V) t "f '^fy I 



if a is negligible in comparison witli c. 



Example. 

Measurement of the absolute capacity of a Marshall one-third 
microfai'ad condenser: 

n g a c d 

32 13,720 6 1000 467 0.331 

32 13,720 1 1000 95 0.329 

32 13,720 3 1000 281 0.330 

32 13,720 2 1000 187 0.330 
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The resistances were in B.A. units. The dimensional 
formula of a capacity is L~^T\ while that of a resistance 
is LT~^. Hence, the unit of time remaining the same, 
any change in the unit of resistance is directly as a 
length, while the change in the unit of capacity is 
inversely as a length. Therefore, the resulting change 
in the numeric of a capacity, measured in terms of a 
resistance, will l)e directly as a length, or directly as the 
unit of resistance. The international ohm is 1.01358 
B.A. unit«. Hence, 0.330 microfarad measured in B.A. 
units equals 

0.880 X 1.01858 = 0.3345 mf. 

The charge and discharge was effected by means of a 
large Koenig fork, and its rate was measured by means 
of a device based on electrolytic action. Its rate both 
immediately before and immediately after the balance 
wa»s found to be just 32. 
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CHAPTER VI. 

SELF-INDUCTION AND MUTUAL INDUCTION. 

110. Preliminary Relations. — The electromotive 
force of self-induction in any circuit or part of a cireuit is 
the product of its inductance L and the rate of clian^^e of 
the current. If the resistance is strictly non-inductive, 
then L is zero and there is no self-induced electromotive 
force. If the circuit or coil contains no magnetic mate- 
rial and has no iron within or about it, then L is a 
constant, and the electromotive force of self-induction is 




Fig. 109. 

proportional to the rate of change of the current. The 
phase of this electromotive force is then a quarter of a 
period behind that of the current, when the latter is 
simple harmonic. 

Let an alternating current, following the simple har- 
monic law, be represented by the heavy sine curve /of 
Fig. 109. Then the induced electromotive force due to 

its variations may be represented by t\v^ \X\\\\ Xwv'^ 11. 

lliis is also a sine curve, since t\\e AiS-^TeTY^JvaJs. ^^'^^- 
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Fig. no. 



cient of a sine function is itself a sine function. When 
the current has reached its maximum value at A, the 
cU^ctromotive force has its zero value, l)ecause at that 
iuHtant tlie change-rate of the current is zero ; but when 
tlic curn^nt pfisses tlirough its zero value at 5, its 
cliungtM-ate is a maximum and the induced electromo- 
tive force has its great- 
est value. The electro- 
motive force therefore 
readies its maximum 
value one-quarter of a 
l)eiHod later than the 
current, and the two are 
said to be in quadrature. 
The effective electro- 
motive force producing the current in accordance with 
Ohm's law must correspond in phase with the current 
itself. AVe may therefore represent the maximum effec- 
tive and induced electromotive forces by the two adjacent 
sides of a right triangle * (Fig. 110), where ab is the 
effective electromotive force, and he the inductive elec- 
tromotive force ; the hypotenuse ac is therefore the 
maxinuim impressed electromotive force applied to the 
circuit. Since the current is in the same phase as aJ, it 
must lag behind the impressed electromotive force by an 
angle <f>. This angle becomes zero when L is zero. 
Self-induction tlierefore explains the lag of the current 
behind the impressed electromotive force. 

The instantaneous value of an alternating current fol- 
lowing the simple sine law is 

i = I sin = 1 »\\\ ^TTut., 



'Carhart*s University P?ii/8ic«,P«vYll.,\>.^^. 
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where I is the maximura value of the current, and ?i is 
the number of full periods per second. Hence iirn is 
the angular velocity co. 

Therefore, i = Iain cot. 

Then, L —-= Lcol cos cot. 

dt 

The maximum value of this induced electromotive force 
is L(oL Therefore in the triangle of electromotive; 
forces, if the base ah is the maximum effective electro- 
motive force, producing a current / through a resistiuil^e 
R^ by Ohm's law it is equal to RL Also Ih\ the max- 
imum inductive electromotive force, is L(oL Conse- 
quently the hypotenuse ac equals I^ R- + LW^ or 

Therefore, /= 



The expression (ii^ + L-(o^^^ is called the impedance. 

Also, tan <f) = — . 

^ R 

In these equations /and E may represent either the 
maximum values of the current and electromotive 
force, or the " square root of the mean square "' values. 
The latter are those measured by all the practical current 
and pressure instruments which are operated by forces 
varying as the square of the current and electric pressure 
respectively. Such are the electrodynamometer and the 
electrostatic voltmeter. 

111. To solve for the Current when the Circuit 
containa both Self-induction and CapacVtr. — ^^ ^^'^ 
electromotive force applied follows tYie ^\m^\^ \^^ ^\ 
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sines, its value for any instant is e = J? sin (ot This 
applied eleetromotive force equals the vector sum of the 
effective electromotive force producing a current, the 
electromotive force of self-induction, and that due to 
the charge of a condenser in series with the resistance. 

Then, E sin cot = Iii + L~ + -^ . 

dt 

The liist term is the electromotive force introduced by 
capacity. From the definition of capacity the potential 



a 

But Q= lidt. Hence T: 



Q = //*. 



fidt 



C 

It is entirely valid to assume a general solution of the 
above equation and then find the constants. Since the 
ai)plied electromotive force is a sine function of the time, 
it may be assumed that the current also will be a sine 
function if the circuit contains no iron. The general 
equation for the current may then be written 

i — k sin ((ot — <\>), 

The angle <^ is introduced to express the lag of the 
current behind the applied electromotive force. Then 

L ~~ LkoD cos ((ot — 0). 

dt ^ ^^ 

/^_^:=-^J cos(a,^-<^V 



^ Strictly speaking, tliis equation should be written 

''^^ = -7f-COS(a><-<^)+^, 



in wbich y( is a constant of integration. It will however be easily seen that 
the value of A is zero, as the maximum and minimum values of 

wust be numerically equal, which is tv^ie ouVy vj\veti A \a 7.cvq. 
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Substituting in the equation of electromotive forces, 

k 
E sin cot = Rk sin (jot — <^) + (^Lk<o — - - ) cos (jot — (f>). 

C(o 
Since this equation is generally true, it is true when 

the angle (o)t — <^) equals zero and when it ecjuals -- . 

k 
In the first case U sin <^ = Lkco — - - .... (a) 

0(0 

In the second case JS cos <^ = Rk (ft) 

Squaring (a) and (ft) and adding, 

I!*=R'k' + k' 



(^-cC) 



and A: = — 



Therefore, / = — — __ — sin (cot — <^) . 

To fiad the angle of lag, divide (a) by (6) and 

r 1 

Ceo 



tan <^ = j^ — • 

While self-induction causes the current to lag l)ehind 
the impressed electromotive force, capacity tends to give 
to it a lead ahead of the electromotive force. The one 
will neutralize the other when 

r 1 

L(o 

The fraction — - is tlie reactance due to capacity alone. 

Ceo 

It may he expressed numerically '\u vAwwv.. 
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If the circuit contains self-induction but not capacity, 
then the third tenn in the equation of electromotive 
forces droi>s out and 

wliere / and E are either maximum values or the square 
roots of the mean squares, as measured by an electro- 
dynamometer. 

I f the circuit contains capacity but no self-induction, 

then 

E 






Further, if the resistance of the circuit is negligible, 

I=C(oE. 

This last equation furnishes an independent methotl 
of measuring the capacity of a condenser. 

112. Measurement of the Capacity of an Electro- 
static Voltmeter.* — The voltmeter is 
first employed to measure the potential 
difference e between the alternating 
mains. A non-inductive graphite resist- 
ance of several megohms is then joined 
in series with the voltmeter. It will 
now indicate a smaller potential differ- 
ence eo. This potential difference is 
one-quarter of a period behind the 
charging current, while the potential 
difference ei between the terminals of 
the graphite resiataxvc^ «k,^T^^^ \w ^Isss^e 




Wr. Sabulka, in the Proceedings of the ChicaQo latemaUonaX EleciT\t«: 
'on^ress, p, 379, 
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>?vith the current, since this resistance r is non-inductive 
a-nd without capacity. 

Hence (Fig. Ill) e = VeJ + e^- 
Therefore Ci may be computed and /equals -- . Then 
since jTalso equals ^imeiC^ 



^j, 2irnr 

EKample. 

The alternating current had 2500 full periods per minute. 

Hence w = 27rw = 262. 

The table gives the results with a Kelvin multicellular volt- 
meter. The values of r are in megohms, the potential difference 
in volts, the current in millionths of an ampere, and the capacity 
in millionths of a microfarad. 



r 


e 


«1 


e-t 


1 
i 1 


11.05 


207.2 


69.2 


195.3 


1 
6.26 


20 78 


207.6 


108.3 


177.1 


5.21 


33.16 


207.6 


138.6 


154.6 


4.18 


41.90 


207.9 


153.4 


140.3 


3.66 


52.40 


208.0 


166.7 


124.4 


3.18 



c 



122 

112 

103 
99.6 
97.0 



The capacity was greater for the higher values of 62 than for 
the lower ones, because the movable system is deflected so as to 
increase the capacity of the instrument as an air condenser for the 
higher readings. 

113. Measurement of Capacity by Alternating Cur- 
rents. — Employing small lettei*s for the square root of 
mean square values, 



^oCl) 



where e-j is the potential difference \>^W^^w>2vvfe \r^^i\vS&^ 
of the condenser. If i is expressed m ^wvg^^^'^ '^^'^ ^ >-^^ 
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volt8, C will be in farads. Let the condenser be put in 
series with a graphite resistance, about numerically 

ecjual to the inii)edance of the condenser -^^ expressed 



Ci 



(O 




Fig. 112. 



in ohms. By means of an electro- 
static voltmeter measure the potential 
difference between the terminals of 
the graphite resistance and between 
those of the condenser. Call the 
former ei and the latter e.^. Then ei 
agrees in phase with the current, 
while 6-2 differs from it in phase some- 
what less than 90° if the condenser 
has a solid dielectric. Measure also 
e^ the potential difference between the 



niiiins. Then since i equals ', 

r 



e-2 27rnr 
The angle of lag a may be calculated from Fig. 112. 



e- = ei+ el + 2^162 cos a. 



Whence 



cos a = 



9 *> 9 
e^ — e\ — el 



26162 



The energy in watts absorbed by the condenser is 

to = e-ji cos a. 

In an air condenser, where a is 90°, the energy absorbed 

by the condenser during the charging is equal to that 

restored to the circuit in the discharge, or the positive 

work done equals the negative. Tn condensers with 

solid dielectrics energy is absovbed m ^^e,^^^ <^\. ^^^\> 

S'lven out and the condenser \\eats. 
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Example. 

To measure the caj^acity of a nominal ^q mici*ofarad made by 
Elliott Bros, the smaller electrostatic voltmeter of Art. 95 was 
employed. The alternator had 10 poles and made 1,632 revolu- 
tions per minute. 



r 


e 


«] 


<2 





i 


a 


to 


16700 


105.7 


83.5 


62.25 


0.093 


0.005 


SS" 13' 


0.0097 



The capacity of a condenser with a solid dielectric is smaller 
when measured with alternatino: currents than with direct ones. 



114. Impedance Method of measuringr the Coeffi- 
cient of Self-induction.* — The value of the coeffi- 
cient of self-induction of a coil of known resistance li 
may be found by passing through it an alternating 
current and measuring the potential difference between 
its terminals by means of an electrostatic voltmeter. At 
the same time the current through the coil must be 
measured by an appropriate ammeter. Then 



1= 



JE 



where -E? is the measured potential difference, / the 
current, i? the ohmic resistance of the coil, and L the 
inductance in henrys. 

The term Leo is now called the reactance. The resist- 
ance must be measured independently, and co is obtained 
from the speed of the dynamo and the number of poles. 
Thus a small bipolar machine, making 3000 revolutions 
a minute^ gives tor n a value oi 50, ^wd io^^ cj^ <^y ^tt^i,, 



^NichoVs Laboratory Jfafiual of Posies, No\A\.,\»A^Si. 
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814.2. The value of L may then be found by substitut- 
ing tlie values of U^ /, J?, and (o in the equation for the 
lun-ent. 

Draw a right triangle (Fig. 
113) with the three sides 
equal to resistance, reactance, 
LoD and impedance respectively, 
and measure the angle of lag 
<!>. Compute the time con- 
stant of the coil ■- . If the re- 

Jt 

sistiuice of the coil is large, the result may be vitiated 
l)y its static capacity.* 

The value of L found by this method dei>ends upon 
an ammeter and a voltmeter reading. It may be made 
to depend upon voltmeter readings alone. 

116. Three- Voltmeter Method of measuringr Induc- 
tance.' — A non-inductive resistance Hi (Fig. 114) is 
placed in scries with the coil of resistance i?^ whose 
inductance Xj is to be measured. An alternating cur- 



R R L 



Fig. 114. 

rent is then sent througli the circuit, and it may l>c 
measured by the ammeter A as a check. Three volt- 
meter readings as nearly simultaneous as possible are 
taken — U the total potential difference between the 

1 Electrical World, July 13, 1895. 

'Jfichol's Laboratory Manual, Vol. II., p. 113, 



..J 



sELF-iNmrcTiojsr and mutual induction. •24r> 
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Fig. 115. 



terminals of the whole resistance, Ei l)etween those of 
Ri , and E2 between those of Rz . 

Then draw a triangle OBA (Fig. 115) with the three 
sides equal to the three voltmeter readings, or tlie Head- 
ings reduced to 
volts. Produce 
OB to O, mak- 
ing OCA a right 
triangle. Then 
AC \& equal to 
LxoL It may l)e 
taken directly 
from the figure, 
and Lo may then 
be found from 

the known values of the frequency n and the cur- 
rent. RC is the electromotive force producing the 
current / through R2^ and CA the electromotive force of 

self-induction. It is evident that /equals — ^ , since Ri 

Ri 

is non-inductive. Besides the three electromotive forces, 
we must therefore measure either /or Ri. 

If the coil surrounds an iron core, the inductance 
should be measured for different values of the current. 
It will be found to decrease as the core becomes satu- 
rated. The currents may then be plotted as abscissas 
and the inductances as ordinates. 

116. Comparison of the Capacity of a Condenser 

with the Self-Inductance of a Coil.' — The four resist- 
ances in the arms of the Wheatstone's bridge (Fig. 116) 
are Q^ P, 72, S. When the battery circuit is closed, the 

1 Maxwell's Electricity and Magnetismy Vol. II., p. 387. 



246 



ELECTRICAL MEASUREMENTS. 




Fig. 116. 



potential diflference at the terminals of R causes a cur- 
rent through it and at the same time charges the con- 
denser C, The potential diflference rises as the condenser 
receives its charge, and therefore the current through iJ 
requires a definite time-interval to rise to its final value. 
Tlie current through the coil Q will increase from 

zero to its max- 
^^ "•'"^^ imum value in a 

precisely similar 
way on account 
of the counter 
E.M.F. of self- 
induction. Both 
the condenser 
and the coil have 
a time constant, 
and the effect of the condenser in delaying the current in 
one branch may be made to oflPset that of the coil in the 
other, 80 that the rise of potential at F may be the same 
as at H. In that case no current will pass through the 
galvanometer. We have to determine the conditions 
under which the potential at F remains equal at every 
instant to that at H, 

Let X and z be the quantities which have passed through 
P and R respectively at the end of the interval t after 
closing the circuit. Then x — z will be the charge of 
the condenser at the same instant. 

The potential difference between the two sides of the 

condenser is by Ohm's law jB-— , since — is the value of 

^ dt dt 

the current. Therefore 



x^z^nG% 

at 



^^ 
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Let 1/ be the quantity traversing Q in the same time 
L Then the potential difference between A and H is 
equal to that between A and F when there is a I>alanee 
and no current flows through the galvanometer ; or 

«s+^t=^t- ■ ■ • <^) 

The first member consists of the effective E.M.F. pro- 
ducing a current ahd E.M.F. of self-induction. The 
sum of the two is the potential difference between A 
and ff. 

Since there is no current througli the galvanometer 
the quantity passing along ffZ must be the same as that 
along ATT^ or y' = y. Therefore 

'^t=^l' (^) 

since the potential difference between F and Z is the 
same as that between H and Z, when no current flows 
through the galvanometer. 

From(l) ^-^=i^(7^^ 

^ ^ dt dt df 

the rate at which the condenser is charged. 
Substitute in (2) and 

From (3) -^ = _. - . Substituting in the last equa- 
dt o dt 

tionand Q^l^ + L^^ =p{ BO^ + ^\ . 

^Sdt Sdt' \ df dt) 

Multiply by S and integrate and 

gjiz -i LB ^^.=PR&Q^ \ PSz^ 
dt dt 
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This is the equation of condition that no current shall 
pass through tlie galvanometer. 

The condition for a steady current with a Wheat- 
stone's bi'idge is 

QR = PS. (5) 

Hence tlie condition that no cuiTent shall traverse the 
galvanometer when the battery circuit is opened aud 
closed is 

~=-IiC. (6) 

and RC me called the "time constants" of the coil 

Q 

and the condenser respectively. If by varying P and R 
the bridge can be adjusted so that no current traverses 
the galvanometer on opening and closing. the battery 
circuit, as well as when it is kept closed, then the two 
time constants " are equal and 



^,i 



L = QRC. 

To show that a time constant ^ is a time, since a resist- 

ance has the dimensions of a velocity, and a capacity is 
the square of a time divided by a length, we have from 

the equation --=RC (calling the coefficient of self-induc- 
tion L^ to distinguish it from a length L) 

j,^L_L T-_rp 

' T~T'~L~ 
Also i'^^V.Tl^.L, 
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or self-induction is a length. The unit of induction is 
the henry and equals lO'* cms. It varies directly as the 
ohm. 

If C is in microfarads the value of L from the e(iuji- 
tion above will be a million times too large and must Im 
multiplied by 10" to reduce to lienrys. 

117. Anderson's Modification of Maxwell's Method.* 
— In the preceding method of Maxwell a double adjust- 
ment must be made in order to effect a balance. Fii^t, 
one of the branches P has to be adjusted for a biilance 




Fig. 117. 



with a steady current. " Then, in order to obtain a bal- 
ance when the galvanometer circuit is closed first, the 
resistance It will have to be adjusted. This necessitates 
a fresh adjustment of P, and so on. Anderson's modifi- 
cation of Maxwell's method is designed to facilitate the 
adjustments. 

Suppose a balance has been obtained for steady cur- 
rents by closing JTi before J^2 (Fig. 117). This balance 
will not be disturbed by introducing the resistance r 
between F and JV. Adjust r thexeioie U\l t\v^ <g^ly^.wQ\»r 



' Phil. Mag,, Vol. XXXI., 1^'9\, ^. "i^^. 
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eter shows no deflection when K^ is closed before Z,. 
The potentials at H and N then remain equal to each 
other. Let x be the quantity which has flowed into the 
condenser at the time ^ and z the quantity which has 
{)assed tlirough FZ, Then x-\- z has passed through Af. 
Then if (7 is the capacity of the condenser, since the fall 
of potential from jP to Z is the same by the two paths, 
we have 

7-> (tZ X , 0/X /-i \ 

Also since iVand JSTmust be of the same potential, 

G dt ^^^ 

Further, the change of potential from A through f 
to N is the same as from AtoH. Hence 



r^ + Pf ^ 
dt \dt 

Sul)stituting from (1) and (2), 



^f)'*!-^.?--'^) 



^^^ dt^R\0^ dt}~ S"O^M<dt' 



This equation expresses both conditions necessary for 
a balance with variable currents. For steady currents 

R S' . 
Hence the other condition is found by equating the 

coemcients ot — : or 

dt 

^^ ^ B SO 
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This condition gives the formula 

If r is zero, L= CPS= CQtt^ which is MaxweU's 
formula. 

To apply the above equation for i, fii-st obtiiin a 
balance in the ordinary way, and then adjust r and, if 
possible, C till there is no deflection of the galvanometer 
needle on working K\ with Ko closed. 

For sensitiveness of the final adjustment it is desirable 
to make R and S large, and ;• small. Sinc^e Q is usually 
small, P will also be small. 



Example. 

Calibration of the Standard of Liduclance, 

1. For a balance with steady currents, 

P= 13.27 ohms. i? = 125.2 ohms. 

= 10.6 «< fif=100 

When corrected for temperature, 04-^=^ 111- 1 ohms; PX S 
== 1337. 

2. For a balance with variable currents, 

(7= 0.335 mf. 



r 


Nominal value of 


Calculated value of 


in ohms. 


inductance. 


inductance. 


124 


0.005 


0.0051 


2d3 


0.010 


0.0099 


390 


0.015 


0150 


525 


0.020 


0.0200 


6d0 


0.025 


0.0250 


798 


0.030 


0.0301 


925 


0.035 


0.0349 



118. Bussell's Modification of Maxwell's Method.* 
— Connect the coil exactly as in Maxwell's method and 

balance for steady currents. Then if the galvanometer 

^London EUctridarif May 4, 1894. 
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key l)e closed firsts there will be a throw of the needle 
when the Ixitter)- key is closed ; and if the battery key 
Ik.* oiHMied lii-st the throw of the needle will be the other 
way. Now connect the condenser, which should be a 
snlMlividcd one, as a shunt to the branch Ji, The effect 
will Im» to reduce the throws of the needle. Use different 
values of the condenser cai)4icity, one giving a throw in 
one direction on oi)t»ning or closing the battery circuit, 
jukI the oth(»r a throw in the other direction. Then by 
int4*riM)lation find the cai)acity which would reduce the 
(U»thMti()n to zero. This capacity, substituted in the 
c(|uati()n L=^ QRC^ gives the desired inductance i. 

Example. 

To measure the Self- Inductance of Two Coils, 

The bridge consisted of special non-inductive resistances. 
7^=131.7 ohms. S = 131.2 ohms. 

Q = 2o.88 ohms -[- resistance of the coil. 
The coils consisted of 450 turns in three layers each, the 
smaller having a mean diameter of 3.3 cms., the larger, 4.0 cms. 
The larger coil could l)e slipped over the smaller one. 

1. The smaller coil. 

^ = 30.05; R= 131.7. 
With C= 0.4o mf., the deflection was + 15 scale paints. 

C = OS) ** ** " " —25 *< ** 

To balance, C = 0.47 mf . 

Therefore, 

L = 0.00000047 X 30.05 X 131.7 = 0.00186 henry. 

2. The larger coil. 

g- 31.15; i? = 131.7. 
With C = O.G mf., the deflection was + 65 scale parts. 

** (7 = 0.7 ** ** ** ** — 15 ** ** 

To balance, C = 0.68 mf . 

Therefore, 

Z = 0.00000068 X 31.15 X 1^1.1 = Q.wn^\ic^x^. 
The condenser was a microfarad svx)odwk\e^m\.o .b, .^, a, KS^ 

Oo mf. 
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119. Bimingrton's Modification of Maxwell's 
Method/ — In this method one side of the condenser 
is connected to F (Fig. 118), and the other side to a 
point iV, which 
can be shifted 
along so as to 
vary r without 
any change in 
the resistance M 
of that branch. 
In this arrange- 
ment the dis- 
charges through 

the galvanometer, due to the discharge of the condenser 
and the self-induction of the coil, are in opposite direc- 
tions and equal, when both balances have been secured. 
Let y be the current flowing in the arms Q and aS', when 
it has reached its steady value, and x that in P and li. 

Let both keys be closed and then let Ki be opened. 
The quantity of electricity which passes through the 
galvanometer, due to self-induction in Q^ is 




Fig. 118. 



Li, ^ R + S 

p , ^ , Gd R + Sy G + B + S 

^^'^'^ a + B + s 



Lya 



P+Q + Ga 



This is the integral of the current V)etween the limits 
and y. The quantity passing througli the galvii- 
nometer from the discharge of the condenser is 



Cxr 



P+Q 



Cxr-h 



^ + ^ + -a+P+'Q 



B + S + Gb 



'Phil, Mag., Vol. XXIV ., \887 , t>- 5>i. 
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This <lischarge (Kusses wliile the ciiiTent through r falls 
Irom X to zero. 

These quantities pass through the galvanometer in 
oppcKsite (lireetions, anfl if there is no deflection, 

Li/a __ Cxrh 



r+Q+ Ga ii-{-s+ab 
Hut X//a _ Ay(-R + ^ ), 

r+Q+aa- c 



and 



R + S + Gh c 



Hence Ly {R + S^ = Oxr^i^P+Q). 

And i=CV-'.^£±4. 



^osv^^l. Therefore i . .^±4= g . Ji^^^, 
sinee PS= QR. Hence 

If r = R^ we have Maxwell's formula, 

L= CQR. 

The resistance must be such that r can be adjusted 
without changing the value of R after a balance has 
been obtained for steady currents. The double com- 
mutator, illustrated in Fig. 47, may be used in this 
method when suitable adjustments of the two commu- 

tatore are made. 

CrO 
The condition L= —^ may be obtained directly 

from Maxwell's equation L= CMQ. When no deflec- 
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tion of the galvanometer is observed on oj)ening tlie 
battery circuit, a certain quantity of electricity, (coming 
from the condenser, must pass through the branch S, 
If one of the terminals of tlie condenser is moved along 
R to the point N^ the fraction of the charge passing 

through aS^ will be decreased in the mtio of—; and as 

the total charge will be decreased in the same ratio 
because of the lower potential to which the condenser is 
charged, the quantity passing thi^ough aS^ on the dis- 

charge will be i^educed in the ratio of --— . Consequently, 

if the same quantity is to pass through S as in Max- 
well's method, the capacity of the condenser must be 

IP 

increased in the ratio of —7, . Whence it follows that 

ir 



i = 



_CQr^ 



R 



BTy 



120. Comparison of Two Coefficients of Belf- 
Induotion.* — The double commutator of Fig. 47 may 

be used for this pur- 
pose to increase the 
sensibility. The four 
points of the bridge 
(Fig. 119) are con- 
nected with the 
double commutator 
exactly as in Fig. 49. 
Let Ri and R2 be 
inductive resistances with coefficients i, and ig? and 
let iJ;; and R^ be inductionless resistances. Then if 




» Maxweirs Flee, and Mag,y Vol. II., p. 367. 
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It: an<l Hi be adjusted to give a balance with a steady 
inrrent, a iKiiance will also be obtained with varying 
cunvntw when 

L-i R^ 

The nite of rotation of the commutator must not be 
Uh> ^reat to i>erniit the currents to reach their steady 
vahu\s lK*tween consecutive reversals. 

'Y\w iMjuation may l)e demonstrated as follows: Let 
/, Ik* the rurrent through AC and i^ that through AD 
{y'\\X' 11'*)-. lit tlie same instant t after closing the circuit, 
or after rcvci-sal. Then, since no current traverses the 
galvanometer when a Ijalance has been obtained, ^ and 
/;: are also the currents through CB and DB respec- 
tively. Tlie difference of ix)tential between A and Cis 
the same as Ixitween A and D ; also the fall of potential 
h'oiw C to 5 is the same as from I) to B, Hence 

at 

Whence, 

at at 

Hut RiR^ = R,R:i is the condition of a balance with a 
steady (rurrent. The other condition for a balance with 
varying currents is therefore 

L\ Rn 

L2 Ra 

If one of these coefHcients, as ij , is a standard of self- 
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iQ^ductioii, the eiination givt-a tlie vahie of tlie other. 
'^Uch a standard is shown in Fig. 12(1. It coiitahiw two 
Coils witliout ii-oii joined in series, one (if tliein fixed iiiid 



I 




the other movable ahout a vertical axis. The self- 
induction of the two depends upon their relative jHisition, 
and the scale at the top is graduated to read in milli- 
henrys. Since the self-induction of the standard is 
variable, a balance can often be obtained for variable 
currents by changing the relative position of its two 
coils. Its resistance, however, is only about ten olmis; 
and if the ratio of its smallest inductance to that of tlie 
coil to be measured is greater than that of their relative 
resistances, a balance can be effected only by adding 
non-inductive resistance in series with the standaixl. 
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Incandescent lamps in parallel or in multiple series are 
convenient for this purpose, since it is not necessary to 
know their resistance. 

Alternating currents and an electrodynamometer may 
Ik* employed with advantage in this method (Art. 60). 
Tlie entire current should pass through the field coil, 
and the suspended coil should take the place of the 
galvanometer, as in Fig. 50. 

XSxample. 

To cotnjtare the Two Coils of Art. 118 tvith the Standard of In- 

ductance. 

The standard was inserted in the arm /?i, together with an 
additional non-inductive resistance, the latter being added in 

order to increase the ratio ^S so as to bring the induction in 

Hi 

the arm i?i within the limits of the standard. 



Coll. 


^2 


Ri 


Zj (Standard). 


Li 


Smaller. 

Larger. 

Two opposed 
in eeriee. 


4.160 
5.245 
9.4 


S 36.15 

f 49.37 

36.15 

49.37 

141.6 

167.5 


0.0161 

0.0219 

0.0195 

0.02665 

0.0152 

0.01795 


0.001853 

0.001845 

0.002829 

0.002832 

0.00101 

0.00101 



121. Niven's Method of compariner Two Self-In- 
ductances.^ — The inductance of i2i is to be compared 
with that of R^ (Fig« 121). First connect i2i in a Wheat- 
stone's bridge with three non-inductive resistances ^, JB5, 
and Rq and obtain a balance for steady currents. Then add 
the inductive resistance R^ in series with R2 and balance 
again for steady currents by adding a proportional non- 
inductive resistance to Rx . Finally connect E and F by 

I Phil. Maa. s^Q^i., im. 
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Fig. 121. 



means of the resistance ^7, and vary it till the galva- 
nometer shows no 
deflection on mak- 
ing and breaking 
the battery cir- 
cuit. 

Call the quan- 
tity of electricity 
which has passed 
through each 
branch of the cir- 
cuit q^ with the 

proper subscript, at the time t after closing the circuit, 
and let Q with the corresponding subscripts represent the 
quantities for the several branches when the current has 
reached a steady state, after an interval T^ reckoned from 
the time when the circuit is closed. Then the current is 

represented by -f and this is zero for each branch when 

at 

t is zero. It is also zero for the two cross branches R^ , 

7^3, when the steady state has been reached. 

The potential difference between C and D at any time 

t is the same by the four paths. Hence 



R,^^il ^ J2,-^^« 



dt 
dqi 



dt 



= R. 



djs 
dt 



^% ^ 7? ^?4 



+ is^= iiA'i^ + L,^x + 



d^q^ 



dt 



it 



T> dqi J d^qi 



"^ = "'f, + ^-S + ^■? 



de 

dq.. 



'dt 



(1) 



Integrating between limits t = and t= T, we have all 
the terms zero when t is zero; and putting Ji, Lj i^, 
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et<-., for the maximum values of the several currents, 
(•()rresi)on(ling to < = 7, the equation above becomes 

It,Q, = ^^4^4 + LJ, + R,Q, -R,Q,- LJ, - B,Q, (2) 

Hut since tlie galvanometer shows no deflection, both §» 
and Z, are zero, and 

R.Q:. = R.Q.0T^ = 9 y .... (8) 

-"'6 V.> 

and since a Ixalance exists for i2i, R^^ with i?.,, jBg, also 
for Rx -f 7^;; and -B^ + R^ with i2-,, iJ^, it follows that 

Ry Xi;{ Rr, ^ 

R.* R^ Rq 

also since Qe, = ^4 and Q-, = ^..j, there being no flow 
through the galvanometer, we have 

R,Q,-RsQ,= 0, 

l)ecausc by sul>stituting in (3) 

Rs^Qj 
R. ~Qs' 

I; is also zero. It follows from equation (2) that 

LJ, + R,Q, = (4) 

and R,Q, + LJ,-R,Q,-LJ, = 0. . . (5) 

Further Q^^Q,- Qs and Q, -f- Q2=Qs+ Q,, 
or Q. = Qs+ Qi— Qi' 

Sul)stituting in (4) and (5) 

LJ, + RjQ,-R,Qs = 0. ... (6) 
R2QS + R^Q^ - i?2(?i + LJ, -R,Q,- LJ, = 0. (7) 
Multiplying (6) by ( JKi 4- R^ and (7) by R- and adding 
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Ciii + i22 + iJz) LJ, - RrLJ, - B:It, Q, + ii,/*; Qi = 0. (8) 

Therefore from (8) 

L, _ II, + R, + R: l4_ Ri+ R, + Rj R. 
Li Rj I\ R: Ro 

The ratio -j may be replaced by ^* or by -' . 
Ri] R.J ' 7^4 

Example. 

Comparison of the Indtictances of the Two Coils of the Last 

Example, 

In the branch ^i was put the larger of the two coils with an 
additional non-inductive resistance, so that Bi was 81.1 ohms. 

Arm i?2 was another non-inductive resistance of 25.9 ohms. 
In Ri was the smaller coil (4.1C ohms), balanced in R^ by a part 
of the non-inductive resistance of Fig. 80. Ro and R^ were 
formed by a slide wire bridge, the point B being the sliding 
contact. 

The first balance was obtained by moving the contact at B, 
and the second by adjusting the resistance R3, i?7 was a resist- 
ance box and was 200 ohms for a balance with variable currents. 
Then 

Zi_57 + 200 3M_i543 
X4 200 ' 25.9 

From the last experiment, 

Li _ 283 _ . KOA 

Z,-i85-^-'^'^^- 

122. Mutual Induction.' — Mutual induction is the 
induction taking place between adjacent circuits. The 
coil or circuit in which the inducing current is made to 



^Nichol's Laboratory Manual^ Vol. I., p. 242. 
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vary is called the primary, and the circuit acted on 
inductively is the secondary circuit. 

Let P be the primarj' and S the secondary (Fig. 122). 
The priniar/ coil is connected in series with a battery 5, 
a variable resistance It,, and an ammeter A. In the 



|— AAAAAAA/ 




Fig. 122. 

circuit of the secondary are connected a resistance r and 
a ballistic galvanometer G. 

First,, observe the throw of the galvanometer needle 
when K is opened and closed. At the same time measure 
the steady current flowing through the primary. Then 
reduce li and repeat the observations, keeping the resist- 
ance of the secondary circuit constant. The resistances 
E and r should l)e so adjusted that the series of deflec- 
tions of the ballistic galvanometer may vary from the 
smallest that can be accurately read to the largest that 
the scale will allow. The readings may be corrected for 

proportionality to sin - . 

Finally plot the primary currents as abscissas and the 
corrected deflections as ordinates. The resulting curve 
should be a straight line passing through the origin, or 

Q(^I, (a) 

where Q is the quantity of electricity discharged through 
the secondary, and / the current in the primary. 

Second,, to determine the relation between the quantity 
of electricity which flows in the secondary circuit and 
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the resistance of that circuit, c)l)8erve tlie throw of the 
galvanometer when the primaiy circuit is closed and 
opened for several different resistances in the secondaiy. 
Then plot the deflections as ordinates and the reciprocals 
of the resistances as abscissas. The result will \ye a 
straight line through the origin. Hence 

<?«:i (6) 

in which R is the resistance of the secondary circuit. 
Combining (a) and (6), we have 

The constant il!f is defined as the coefficient of mutual 
induction, or the mutual inductance, of the two coils. 
It is the electromotive force induced in the one coil 
while the current varies in the other at the rate of one 
ampere per second. 

The value of M depends on the geometrical form 
and winding of the two coils and on their relative 
position. 

Thirds Q may be measured in coulombs by finding the 
constant of the ballistic galvanometer, using a condenser 
of known capacity and a standard cell. If, further, / is 
measured in amperes and R in ohms, then M in the 
above equation will be expressed in henrj'S. 

Example. 

I. The quantity is proportional to the primary' current. 

The table contains the results of an experiment. In the third 
column the deflections are corrected so as to be proportional to 
2 sin J/9. 
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Tliiury. (>b«rvHl Dcfl«ti< 




11. Tlio quantily is inveraely proportional t« the re^stance of 
lio Hecnnilary circuit. 



Tlie lirat aiid thiri] columna of the firat table and the aeconij 
and fourth of the second table are plott«d aa coordinates iu 
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Fig. 123. The result in both eases is a straight line through the 
origin. 

123. Comparison of Two Mutual Inductances.' — 
Let J.1 , A2 (Fig. 124) be the two coils whose mutual 
inductance Mu is 



1^ R, 

Q 




© 



•!^_r 




Fig. 124. 



to be compared 

with the mutual 

inductance M^ of 

the coils J.3, J.4. 

The coils J.3, A^ 

are placed in the 

required relation 

to each other, 

while Ai and A2 must be at such a distance from A^ and 

A4 that there is no mutual inductance between Ai and 

-A4, nor between A2 and A^, The coils are joined in 

series as shown. Then the resistances of the branches 

containing Ai and A^ must be varied by the addition 

of non-inductive resistances till the galvanometer shows 

no deflection on closing and opening the key K. The 

sensibility will be increased by the use of the double 

commutator. When a balance has been obtained, 



M. 



M 



12 __ ^ 
Hi 



S4 



The theory is as follows : Write the potential differ- 
ence by the three paths between P and Q and place 
them equal to one another. Then 

dt dt dt dt dt 

i2, z, and L are the resistance, current, and inductance 



1 MaxwelFs Elec. ar d Mag., Vol. IF., p. 364. 



•J<»t) ELECTRICAL MEASUREMENTS, 

for tlie circuit through the galvanometer from P to Q. 

If we integrate this equation from i4 = to ^4 = J, or 
to the time of the establishment of a steady current, then 

.Vj« / — /.3/I/13 — R^iidl = 3/12/— Li/dii — Rifiidt = Rfidt + Lfdi. 

\\\\i Lfdi:x and Lyfdi\ are l)oth zero, since the currents 
/, and /.; are zei-o when u i« zero, and when it is J, a 
inaxinium. Also, since the adjustment of resistances is 
so nia<le that theiv is no integrated current through the 
inilvammieter, the last two terms are l)oth zero. Hence 

and MJ= R^fi^t ; M,J= Ri/iidt. 

Therefore 

31,. Ri fi.dt 

M^" Rs ' /iadt' 

Hut since there is no integrated current through the 

galvanometer 

/l,dt=/!/lf. 

After a balance has been obtained the resistances i?i, 
R-i may be measured by means of a Wheatstone's bridge. 
It is assumed in this discussion that ii and is are both 
constants. 

124. Modification of Maxwell's Method of com- 
paring Mutual Inductances, — Let the resistance, self- 
induction, and current through coil Ai (Fig. 125), 
including the galvanometer, be represented by J?i, Xj, 
?i , respectively ; and let the same quantities for the coil 
A., be denoted by R^^ X3, and 4. The resistances are to 
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B 



1)6 varied till the galvanometer shows no deflection on 
working the key 

JBT. Let the cur- o / 7\ 

rents through ^2 V \^ 

and A^ be 2*2 and ^» •■» 

?4 and their final 

steady values Z ^ 

and I4. Let R be ' a* L4 

the resistance of 

the branch AB^ 

and S that of 

PQ. When the currents in A2 and A^ have reached 

their steady value 

jf2 + -B2 






A, L, 



M,j 



Aj Lj 



Fig 125. 



J4=/2 



ii 



Express the potential difference between P and Q by the 
three paths for any instant, and place their values equal 
to one another. Then 



M, 



a^ at at at 



The electromotive force by the A^ branch is arranged to 
be opposed to that of the Ai branch. 

Integrate from ^ = to t = T when the steady state 
has been attained in the battery circuit, and 

M1J2 — Lifdii — Bifiidt = M^I^ — L^fd^ — R^fndt — 

Sfi^dt — Sfi^dt, 

But LJ'diij Rifiidt^ L.^di^^ Sfiidt are all zero when a 
balance has been obtained, or when the galvanometer 
shows no integrated current through it when the circuit 
is opened or closed, or on reversing if the double commu- 
tator is used. Since the current is zero when t = and 
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when t = T^ the sum of the increments dii equak that 
of the decrements — dii . Also the galvanometer shows 
the integrated current z'l to be zero. So also the integral 
ydh is zero because 4 is zero both when ^ = and when 
the steady state of ii has been attained. Hence we may 
write 



Therefore, fhdt = ^^L. 



Remembering that I^ =I2 — ^ — ^, 

IV 



Hence, 



K A3 

Mi2_R + B2 S _S R+Rj 



3£si R S — Rs R S — R^ 
If S is infinite, that is, if the branch P$ is open, 

M,2_ R + R2 

Ms, R 

R, R.2^ R^t and S must all he measured after the adjust- 
ment has been made for no deflection of the galvanometer. 

125. Carey Foster's Method of measuringr Mutual 
Inductance.* — The principle of the method is as fol- 
lows: Let a constant battery be connected in series 
with one of the coils P, a known resistance i2, and a key 
K. Let a ballistic galvanometer and another resistance 
R^ be connected in series with the other coil 8, Then if 
I be the steady current through P, M the mutual 
inductance, and ro the resistance of the circuit through 
aS, R^ and the galvanometer, the quantity of electricity 

1 Phil, Mag,, Vol. XXIII., p. 121. 
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passing through the galvanometer on closing or oi^ning 
the circuit will be ^ = — (Art. 122). 

To 

Next suppose the galvanometer removed from this 
circuit and put in series with a condenser of capacity C\ 
connected as a shunt to the resistance J{. On closing or 
opening the battery circuit the quantity of electricity (/ 
passing through the galvanometer will be Q^ = IRC, 
By combining these two equations it is i)ossible to find 
the relative values of and M, It is l)etter however to 
connect the apparatus as shown in Fig. 12G, so that the 
charge and dis- 
charge of the con- 
denser, and the 
currents generated 
at the same time 
in S by mutual 
induction are in 
the same direction 
through C, iJ^and 
S. If the resist- 
ances R and R' 
and the capacity C are adjusted until there is no 
deflection of the galvanometer, the time integral of tlie 
galvanometer current until the steady current is 
reached will be zero, and the time integral Qr of the 
current from C through R' and aS' multiplied by the 
resistance r of the same path from U around to -4, will 
be exactly equal to the time integral MI of the 
electromotive force of mutual induction in the coil jS. 
The time integral of the electromotive force of self- 
induction will be zero. 




Fig. 126. 
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Therefore, Qr = MI. But Q = IRC. 



Hence 



M= CRr. 



The author of the method sajrs that in order that the 
galvanometer current may be zero at every instant 
during the establishment of Ihe steady current, it is 
essential that the coefficient of self-induction of the coil 
S should be equal to the coefficient of mutual induction. 
Under this condition it is possible to replace the galva- 
nometer by a telephone. 

Example. 

Small Induction Coil. — No iron core. Resistance of second- 
ary, 194 ohms. Capacity of condenser, 4.926 microfarads. The 
secondary coil could slide endways remaining coaxial with the 
primary. The following are the results with the centres of 
the two coils as nearly coincident as possible : 



R. 


r. 


. Rr 

(C.G.S. units). 


15 


194 H 


[-217 


6165 X 10" 


14 




h247 


6174 


13 




-282 


6188 


12 




h322 


6192 


11 




[-367 


6171 


10 




[-423 


6170 


9 




k490 


6156 


8 




-576 


6160 


7 




-688 


6174 


6 




[-835 


6174 



Mean value of ^=6172.4 X 10". 

Hence 
Jf = 4.926 X 10-'* X 6172 X 10'" = 3.0403 X lO^ or 0.0304 henrys. 

Tn the same way the values of M were obtained for the same 
pair of coils with the secondary displaced endways through 
v.irious distances. The following results are given in Professor 
Foster's paper : 
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(li-tiuiee between 


VHlue or M. 


DIUUHH bclween 
cenUn of coIln. 


Value of M. 


0*5 




iM 


ms-KW 


















































T.S5 


"■■ 




(!.« 



These Taluea are represented graphically in tlie curve of Kig. 
127, where the ordiiiHtes demite values of M and the abscissas 
distances between tlie centres of the coils. 
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It is of interest to note that this curve is of the same form as 
that of Fig. 67. The mutual induction affecting the coil S 
depends upon the number of lines of force passing through it at 
different distances from the primary coil P. In the same way the 
fon*e deflecting the needle of the tangent galvanometer depends 
upon the magnetic field due to the coil at the several positions of 
tlie needle. The tangents of tlio deflections therefore follow the 
same hiw of variation as that of the mutual inductance at different 
distances. 

126. To compare the Mutual Inductance of Two 
Coils with the Self-Inductance of One of Them.^ — 
Lrt the coil of resistance Bi and self-inductance L be 
included in one branch J. (7 of a Wheatstone's bridge 
( Fi<r. \'2H) whose other branches are non-inductive. 
The other coil of the pair is put in the battery branch, 

and is so connected 
that the current 
flows in opposite 
directions through 
the two coils. The 
self-inductance of 
the coil P therefore 
produces an electro- 
motive force oppo- 
site in direction to 
that due to the mu- 
tual induction iff be- 
tween P and Q^ and the one may be made to balance 
the other. 

The resistances 7^i, I{>, lU^ and R^ are to be adjusted 
till there is a balance for steady currents. Then we may 
get rid of transient currents through the galvanometer 

1 Maxwcirs Elec and Mag,^ Vol. II., p. 365, 




Fig. 128. 
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by altering Ms and Ri in such a way that their ratio 
remains constant. There will then be neither transient 
nor permanent currents through the galvanometer. 

Let the current from ^ to C be z'l , and that from A 
tx) 2>, Z2. Then the current through Q will be ii + ij. 
The potential difference between A and C will be 

R,ii + L^-^- m(^\^ ^^\. . . (1) 

(it \dt dtj ^ ^ 

The potential difference between A and D is UJli. 
Since a balance is maintained between (7 and D 

i^,4 = An + X§-J^(| + §). . . (2) 

But if JJa? -^8^ ^iid J?4 are inductionless resistances, 



Hence 



L^^mI^-V^^^^. ... (4) 

dt \dt dtj ^ ^ 



From (3) di2_Iii dii 

dt Ro dt 

Therefore from (4) i = il!f/l + ^V . . (5) 

The double adjustment of R2 and R^ may be avoided by 
joining A and B by R^. Beginning with an adjustment 
in which the electromotive force due to self-induction is 
slightly in excess of that due to mutual induction, the 
latter may be augmented by diminishing the resistance 
R^ till a balance is obtained for transient currents. This 
addition does not disturb the balance for steady currents. 

Then the current through Q will be t'l -^-u^- ij , and 



dt \dt dt dt/ ^ ■' 
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But il = „ '^- - and ^ = ^A» . f . 



From (^t>) 

t/^ ' \dt J{]dt R, ' dt] ' 

z=j/^(i+^;+^'+f^\ . . (7) 

This liust iiietliod may be further improved by trans- 
ferring the Iwtterj- and key to the branch R-. Then 



L = W:?i-+A» 






(8) 



To demonstrate this relation it will be seen that equa- 
tion (^")") is equivalent to 

Z, 



L = M 



I 



(9) 



This equation is true for all arraugements. In the 

last arrangement we need only find the ratio -=? . It is 

J-i 

(/I' + Z^}. Substitute in (9) and equation (8) is the 
result. 
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CHAPTER VII. 



MAGNETISM. 



127. General Properties. — Iron is not the only 
magnetic substance, for nickel, cobalt, and liquid oxygen 
are also very conspicuously magnetic ; and prolmbly 
there is no substance which is not susceptible to some 
extent to magnetic influence. In permanent magnets it 
has been noticed that there is a certain line through the 
centre of inertia which always takes a definite direction 
when the magnet is freely suspended at this point. This 
line is called the magnetic axis. In most localities this 
axis takes an approximately north and south direction, 
in the northern hemisphere the north-«eeking end and in 
the southern hemisphere the south-seeking end pointing 
downward. In a simple elementary magnet the ends of 
the magnetic axis are called poles. In larger magnets 
the poles are not so definitely located. They might be 
defined as the centres of magnetic action resulting from 
the actual magnetization. In general they lie on the 
magnetic axis near its ends. 

Until within a few decades the magnetization was 
considered as residing on the surface of the magnet near 
the ends, while the middle portion of the magnet was 
considered to be without influence. Since the time of 
Faraday the conception of lines of magnetic force and 
induction has to a considerable extent supplanted that of 
the poles. These lines of induction are closed curves. 
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The jKwitive direction along them is by convention from 
thf south-seeking or negative pole to the north-seeking 
or i)ositive pole within the magnet, and vice versa with- 
out. Whenever these lines of induction meet a magnet, 
they tend to enter it by the negative and leave it by the 
jHJsitive iK)le. Magnetic action, from the point of view 
of lines of induction, goes on just as though these lines 
were stretched elastic cords mutually repelling one 
another. In polar language the same state of affairs is 
expressed by the law : Like poles repel and unlike poles 
attract one another with forces proportional directly to 
the product of the strength of the poles and inversely to 
the square of the distance separating them. 

For certiiin purposes the conception of polar action at 
a distance is more convenient; and as the above law 
does not contradict actual experiment, we may avail 
oui-selves of it, whenever it may be convenient to do so, 
without invalidating the results. 

128. Strengrth of Pole and Strengrth of Field. — By 

convention we define as unity, a pole which repels an 
equal pole at a distance of one centimetre with the force 
of one dyne. 

Strength of field at a point may be defined as the force 
exerted on a unit pole placed at that point. It is also 
the flux of magnetic force per square centimetre at that 
point. If this flux of force is represented by lines of 
force, the number of lines per square centimetre should 
equal the numerical value of the flux and of the strength 
of field. In a uniform field the lines of force are parallel 
straight lines. If a magnetic pole of strength m be con- 
sidered as located at a point 0, tlie strength of field at 
all points on the surface of a sphere of unit radixis with 
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as its centre will be numerically equal to the pole 
strength, and there will be m lines of magnetic force per 
square centimetre of surface. There will be therefore 
in all 47rr/i lines from a pole of strength m. The letter 
96 is generally used to designate strength of field. 

129. Intensity of Magrnetization. — When we are 
dealing with a magnet whose magnetization is solenoidal,^ 
all lines of force pass from one end to the other without 
entering or leaving at the sides. In such cases the poles 
are at the ends and the intensity of magnetization cf 
equals the strength of pole m divided l)y the area of the 

pole aS, orc?'=- . 

130. Magnetic Moment. — If a solenoidal magnet is 

placed at right angles to a uniform magnetic field of 

strength 06^ the moment of the couple tending to turn it 

into parallelism with the field is dSml ; if 86 is unity 

the moment of this couple is called the magnetic 

moment of the magnet, and is designated by 8TB; or 

ml = SJB* As the volume V of the magnet equals IS^ 

815 . . 

it follows that cf= ; or intensity of magnetization 

equals magnetic moment per unit of volume. If the 
magnetization of the magnet is not solenoidal, cf will 
not be uniform throughout the magnet and the mag- 
netic moment will not be equal to mZ, unless by I we 
mean a distance shorter than the length of the magnet 
so chosen that dW shall equal ml. The magnetic mo- 

» Solenoidal is derived from the Greek word meaning pipe-shaped. Tlie 
idea conveyed by the word is that the flow of magnetic induction is confined 
within the magnet, just as the flow of water is confined within a water-pipe. 
In all eases the flow is parallel to the sides of the solenoid. 
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ment, however, in any case will be equal to the moment 
of the turning couple, when the magnet is placed across 
a unit field so that its action on the magnet is greatest. 

131. Strength of Field within a Long Solenoid. — 

Suppose an indefinitely long prism (or cylinder) to be 
uniformly and closely wound with many contiguous 
turns of insulated wire carrying a current of electricity, 
the direction of the wire being at every point as nearly 
as possible perpendicular to the edges of the prism. By 
reason of symmetry the resultant field within the coil 
at points indefinitely distant from the ends must be 
parallel to the edges (or to the axis in the case of a 
cylinder). Approaching the ends, the resultant field 
will begin to weaken and there will be a scattering of 
the lines of force. At points indefinitely distant from 
the ends all lines of force are therefore parallel, the 
equipotential surfaces are equidistant planes perpendic- 
ular to them, and the field is uniform. Consequently, to 
find the value of the field for all points it is only neces- 
sary to find it for any one. Suppose there are n turns 
of wire per centimetre of length, each carrying a current 
/; suppose a unit liorth pole carried one centimetre 
along the lines of force ; each of the 47r lines of force 
proceeding from this pole will cut n turns of wire, thus 
producing an electromotive force in the solenoid of 47m, 
and the work done on the pole will be ^ttuI; conse- 
quently the force opposing the movement of the pole 
will be equal to the strength of the field, and 86 = ^irnL 
/is here in C.G.S. units each equal to 10 amperes; con- 
sequently if I is expressed in amperes, 06 = ^ . 

If, instead of a prism, the form on which the wire is 
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wound is described by the revolution of a closed plane 
curve about an outside axis in its plane, and if the wire 
wound about it for each turn coincides as nearly as pos- 
sible with the generatrix, the resultant field will at every 
point lie along circumferences descril)ed al)out this axis. 
The intensity of the fiehl at any point within will h(» 
47r/i/as before, n l)eing computed along the corresi)on(l- 
ing circumference. The field c%' will, tus a conse(]uenco, 
not 1x3 uniform, but it will be al)solutely solenoidal, there 
being no ends to cause a scattering of the flux. 

132. Magmetio Induction. — Let us suppose a long 
iron bar placed in a uniform magnetic field of strength 
c%' so as to be parallel to the lines of the field. The 
portion of the bar wliich is distant from the ends will 
have its lines of induction parallel to its axis. Suppose 
the portion of the iron included between two adjacent 
planes normal to the axis to be removed. Let the flux 
of magnetic force passing across this crevasse per square 
centimetre be <?;(5, and let the pole strength per square 
centimetre of the faces be ci. Then 66 = 47rc5^+ dS^ for 
each unit of pole strength will furnish a flux of 47r in 
addition to the preexistent flux of dG per square centi- 
metre. Even when the above conditions are not ful- 
filled, the relation 66 = 47rc^+5y is true in a vector 
sense. In the cases with which we shall deal, dS will 
be parallel to £B either in the same or in the opposite 
direction ; then £(5 = 47rcT + (%'. 

This flux of force in the crevasse continues as a flux 
of induction inside the iron. In the crevasse it may 
be called indifferently a flux of force or of induction. 
C'onsequently lines of induction are continuous through- 
out the magnetic circuit. 
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Such a uniform field as is premised above may be pro- 
duced by a long solenoid surrounding the bar. 

For practical purposes it is sometimes more convenient 
to use a ring of iron instead of a bar. In such a case a 
ring-Rolenoid is used to produce a field parallel to the 
circumference of the ring. To avoid errors due to vari- 
ations in permeability of the iron when in fields of dif- 
ferent values, the difference between the outer and inner 
radii of the iron ring should be small in comparison with 
either. In such cases the value of 3(5, computed along 
tlie mean circumference, may be taken as the mean 
value for the ring without sensible error. 

133. Ma^gnetio Susceptibility and Permeability. — 

The ratio of the intensity of magnetization S to the 
strength of the field 86 is called the magnetic sus- 
ceptibility of the substance. It is denoted by the 

Greek letter k. Thus ^ = — . It follows that 53 = 

^^(l+47rA:) and k=^————^^ 

For many reasons it is more convenient to know the 
ratio between £S and d6^ rather than that between S and 
5^. This ratio is called the magnetic permeability of 
the substance, and is denoted by the Greek letter /Lt. 

Thus/i=^. 
&6 

134. Coercive Force When an iron bar or ring 

has been magnetized, it has been noticed that a large 
portion of the magnetization is retained when the mag- 
netizing force has been removed. In a paper by Houston 
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and Kennelly ^ the theory lias been advanced that the 
residual magnetization is a linear function of the induced 
magnetization. This theory is Ixised on cah'ulations 
made from data given in Ewing's Magnetic Luluction in 
Iron and Other Metals, Calling di? the intensity of 
field, 68 the resulting magnetic flux, and <f6o the residual 
magnetic flux, they found for annealed soft iron wire 
68j = 0.88 (^ - 500). Other samples of iron and steel 
give different values for these constants, but in eveiy 
case the linear relation seems to be true. 

The term coercive force has been loosely used to 
express this tendency to oppose change in the magnetic 
state. Hopkinson uses the term to denote the intensity 
of field which will just restore the iron to an apparently 
neutral condition. 

136. Effect of the Ends of a Bar. — When an iron 
bar is magnetized longitudinally in a uniform field, the 
ends become poles. The effect of these poles is to pro- 
duce a field at all intermediate points of the bar, whose 
tendency is to demagnetize it. If the length of the bar 
is at least fifty times its breadth, it is assumed in practice 
that the bar is equivalent to a very prolate ellipsoid 
whose axes correspond to the length and diameter of the 
bar. The effect of the ends, on this assumption, is given 
by the following equation, B6 = 96'— NSt in which OG 
is the' actual field, 96^ the original field, and Net the effect 

of the ends. Values for N and -— are given in the fol- 
lowing table : ^ 

^Electrical World, June 1, 1895, p. 631. 

* £wiDg*s Mag, Jnd, in Iron and Other Metals, p. 32. 
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Ratio of 




2^ 


length to breadth. 


^r. 


4a- 


50 


0.01817 


0.001446 


100 


0.00540 


0.00043U 


200 


0.00157 


0.000125 


•MO 


0.00075 


0.000060 


400 


0.00045 


0.000037 


500 


0.00030 


0.000024 



By using a ring inst<»a(l of a rod this correction is 
avoided. 

136. Meignetic Inclination or Dip by the Dip- 

NeedleJ — Magnetic, inclination or dip is the angle 
which the direction of the earth's magnetic force makes 
with the horizontid. This direction is given by the 
magnetic needle if it is movable without friction about 
an axis at right angles to itself and to the magnetic 
meridian, if, first, the axis passes through the centre of 
inertia of the needle, and if, second, its magnetic axis is 
coincident with its geometric axis. These conditions, 
however, will in general fail to be satisfied. As a con- 
sequence the mode of observation described below is 
required. 

The dip circle is a vertical circle movable about a ver- 
tical diameter ; the zeros of graduation should be at the 
extremities of a horizontal diameter. The circle should 
be in the plane of the magnetic meridian. A long, slen- 
der compass-needle may be used in making this adjust- 
ment. If the axis of rotation of the circle is verti- 
cal, the bubble of a level will not change on turning the 
circle. The axis of rotation of the needle should pass 

1 Kohlrausch*s Physical Measurements, 3d English Edition, p. 235. Max- 
well's Elec. and Mag,, Vol. II., p. 113. 
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normally through the centre of the graduated circle. 
Four sets of observations are taken, in each of which 
both ends of the needle are read and the mean, called 
the observed angle, is taken : fii-st, <^, , the original posi- 
tion of the needle ; second, ^i , with the reading and the 
movable circle turned 180°; third, <f>>^ with the needle's 
magnetization reversed and otherwise as in the fii-st set ; 
fourth, '^2 9 ^vith the needle and the movable circle turned 
180° again. 

If the apparatus is good and the observations c;arefully 
made, these four observed angles will be much alike and 
the angle of dip 8 is expressed as follows : 

6 

If they differ much, it is possible by grinding the side 
of the needle to make <f>i and '^i nearly alike and the 
same for (f>2 and yfrs* Then 

tan S = Vtan^4^+ tan h+±\ 
2\ 2 ^ 2 ) 

If this is not done and <^i and i/r^ differ considerably, 
we should write 

cot «! = ^ (cot <^i + cot l/r,), 

cot ^2 = 5 (cot <^2 + cot i/rg) ; 

and fmally 

tan 8 = ^- (tan a^ + tan ag). 

These expressions are obtained by considering the 
gravitational forces at work resolved into components 
parallel and perpendicular to the magnetic axis. 
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Maxwell's inetlicxl takes into account the relative 
intensities nf magnetization in both cases. Calling these 
I), and J)., and using the same notation as above, 

. ^ 7>, (.^, +j^0_+ A_(*j_tjt.) 

For fuller explanations the student is referred tn 
Kohlniiis<'li and Maxwell as cited above. 



137. Magnetic Inclination by "Weber's Bartb- 
Inductor. — When a conductor is moved in a magnetic 
field so as to cut lines of force, the time integral of the 
electromotive force generated is equal, in C.G.S. measure, 
t() the number of lines cut. If the conductor is a plane 
coil of wire of total urea S which makes angles 0[ and ^, 
before and after the movement, with the direction of the 
lines of force of a magnetic field of intensity g> we 
obtain the equation yed( = iSSf (sin 0i— sin ^t). It is 
necessary to 

f, Q 



count 4> from 0° 
to 360°. 

In Weber's 
earth- inductor 
(Fig. 129; the 
coil of wire & is 
]T usually mounted 
on an axis A in 
its plane. This 
axis is supported 
by a frame F 
mounted on two 
trunnions T, 
vitvoKe axis makes 




Fg. 1«, 



"TJ 
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a right angle with the first axis. The triuniions are car- 
ried on supports fastened to a platform resting on three 
levelling screws L. For the purposes of this experi- 
ment the axis T should be level and in a magnetic 
east and west line. On the fmme are stojis which, lus 
generally used, limit the angle through which the coil 
may be turned to 180**. Some earth-inductoi"s are 
turned by hand and othei"S are turned by means of 
springs on the removal of a detent. 

The earth-inductor should be joined in series with a 
ballistic galvanometer of long period of oscillation, and, 
if need be, with a coil of suitable resistance. On turning 
the coil through 180° an inductive impulse will be felt in 
the galvanometer. The sine of one-half the throw of the 
galvanometer needle will be proportional to the quantity 
of electricity passing through the circuit. Three methods 
may be used in producing the deflection. In the first a 
single reversal of the coil gives a single impulse to the 
needle. In the second the coil is reversed each time the 
needle passes through its position of equilibrium, giving 
it successive impulses until no further increase in its 
amplitude is obtained. In the third the coil is reversed 
every second time that the needle reaches its position of 
equilibrium ; as a consequence the impulse causes the 
needle to recoil, it then reaches its maximum amplitude, 
then passes through zero to a smaller amplitude, owing 
to the damping, and on reaching zero recoils, as the coil 
is reversed, to another maximum amplitude in the oppo- 
site direction. This is continued until the arcs of the 
amplitudes reach constant values a and h. 

In the first and second methods the quantities of elec- 
tricity and the time integral of the electromotive force 
are proportional to the sines oi oii^-\i«Ai the angles 
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of deflection ; in the third they are proportional to 
sin - - J For small deflections the scale deflections 

may l)e tiiken proiK)rtional to the quantities of electricity 
passing ancl to the time integral of the electromotive 
force. To reduce deflections to sines of one-half the 
angles, use Table 1. in the Appendix. 

Several precautions are to l>e taken in the use of tlie 
earth-inductor. As it is assumed that the magnetic field 
is uniform and of constant direction in the neighborhood 
of the coil, the presence of masses of iron and particularly 
of magnet« should l)e avoided. The i)owerful magnets 
usually in voltmeters and ammetei"s will noticeably affect 
the lines of force for a distance of several metres. A 
result obttiined with an earth-inductor is valuable only in 
the place in which it is obtained ; even in the same room 
considerable variations may be found. In some cases it 
may be due to the iron in the red brick walls and founda- 
tions for pieiTS. Besides the magnetic disturbances withm 
our control, there are the daily and yearly variations, of 
which account should be taken in very exact work. 

In the determination of magnetic inclination we may 
make use of a familiar principle, that the direction of a 
vector or directed quantity is completely defined by the 
cosines of the angles included between the line of the 
vector and the three rectangular axes of coordinates 
passing through the point. The component of the vector 
along each of the axes is found by multiplying the whole 
vector by the corresponding cosine. In the present 
problem the conditions are chosen so that one component 
is zero, and the vector, the intensity of the earth's field, 

1 Kohlrausch's Phys. Meas ^ 3d English Edition, ip. 351, 
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lies parallel to the plane of the other two. The induc- 
tion impulses obtained by reversing the coil are then 
proportional to the vertical and horizontal conijx)nent8 
V and 86^ and, as a consequence, to tlie cosines of the 
angles between the lines of force and a plumb line, and 
a horizontal magnetic north and south line respectively. 
These last quantities are also the sine and cosine of the 

inclination, and their ratio, equal to --- , is the tangent of 

the magnetic inclination or dip. 

First Position^ S'. Place the earth-inductor so that 
the plane of the coil is horizontal and the axis .1 in the 
magnetic north and south line. An ordinary level and 
a long, slender compass-needle will suffice to secure these 
adjustments. The second condition is desired, as it 
prepares the apparatus for the second position. On 
reversing the coil the number of lines of force cut is 
proportional to the vertical component of the eaith's 
field. Observations may be taken in any of the ways 
mentioned above. These observations should be re- 
peated several times and the mean determined. 

Second Position^ 96' Turn the frame F through 00°. 
The axis of the trunnions should be in a horizontal 
magnetic east and west line and the axis A vertical. 
The plane of the coil should now be vertical and at 
right angles to the magnetic meridian. The coil should 
be tested for these conditions with the plumb line and 
the compass needle. On revei"sing the coil the number 
of lines of force cut is proportional to the horizontal 
component of the earth's field. Several sets of observa- 
tions should be taken as in the first position and the 
mean determined. 

Calculation of the Ratio of '^to 96. ^^x\c)j\:^ ^'>^^'iJ«csNJ^^ 
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the (U'fleitions should be reduced to the sines of one-half 
the angles and their ratio taken. When, however, the 
deflections are not great, we may use in the place of the 
ratio of these sines 

where di and rf^ are the scale deflections in the first and 
second positions, a the distance of the scale from the 
mirror, and B the angle of dip. 

138. Determination of the Horizontal Intensity of 
the Earth's Magrnetio Field. — The following method 
of determining OG is due to Gauss. It depends on the 
measurement of two quantities, viz., the product and the 
ratio of the horizontal intensity d6 of the earth's field 
and the magnetic moment <9/S of a particular magnet. 

Firsts to find the Product of 916 and 06* Suppose the 
magnet AB suspended, in the place where 86 is to be 
measured, by a bundle of long silk fibres ; a suitable fine 
wire may replace the silk fibres. To ensure freedom from 
toi-sion a *' dummy " magnet of brass, of weight equal to 
AB^ may be hung on the fibres and the torsion head 
turned until the dummy lies in the magnetic meridian. 
Let the magnet so suspended be made to execute tor- 
sional vibrations. Let T be the half period and ^ be 
the moment of inertia of the magnet, and let be the 
ratio of torsion of the fibres ; then for small amplitudes 



'^='^\lt)mma^eV • • • W 



dmm (1 + 0} 

This value of T should ba red\ic<j<i ^ Wv^ n«\\5.'& «ss«» 
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sponding to an infinitesimal arc, by Table III. in the 
Appendix. 

The torsional vibrations may be pnxluced by repeat- 
edly presenting first one and then the other pole of a 
strong magnet at a considerable distance from the sius- 
pended magnet. If the change of pole is properly timed, 
the swing may be greatly multiplied. Conversely if the 
magnet is swinging, it may be brought to rest by pre- 
senting the poles alternately so as to oppose the motion. 
This magnet should of course be removed to a great 
distance before the final observations are made. 

By 0y the ratio of torsion, is meant the ratio l)etween 
the restoring forces due to the torsion of the fibres and 
to the action of the magnetic field respectively, when 
the magnet is slightly deflected from the magnetic merid- 
ian. If the tops of the fibres are held by a graduated 
torsion head, and the magnet carries a light mirror, to 
l>e ilsed in connection ^vith a telescope and scale, the 
ratio of torsion may be readily measured by turning 
the torsion head. through an angle a, thereby turning the 
magnet and its mirror through an angle /3. To avoid 
troublesome corrections /3 should be so small that it does 
not differ materially from its sine. If equilibrium is 

obtained, ^ 



(a-/8) 

To find the value of <9/5 '96 it is necessary to know 
the moment of inertia K of the magnet, equation (1). 
If this cannot be calculated from its dimensions, it may 
be determined experimentally as follows : Take a ring 
of mass -M" and outer and inner radii ai and a2. Its mo- 
ment of inertia about its axis is Jiff (ai + al) = ^^ 
Place this ring upon the magnet with its centre in 
the line of support. Determine Tx^ t\vQ \valf ^t:Io^ ^ 
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vibration of the 8}'stem, and correct to an infinitely 
small arc. Then 






Hy combining (1) and (2) we obtain 

ttK 



dJo^CHS = 



._- = P. 



.(3) 



Second^ to find the Quotient of cVo divided hy 86. 
There are two methods of determining this ratio; in 
Ixjth we combine with the earth's magnetic field at 



N /N' 



b' 




a' 



a 

§ 'A 



Fig. 130. 

(Figs. 180, 131), when fHj is being determined, a field 

("Tdue to the magnet AB^ which in both eases has its 
magnetic axis east and west. In the first ciise the point 
is on the prolongation of tlie magnetic axis of AB ; in 
the second it is on tlie perpendicular to the middle point 
of this axis. In both cases the field Ef at 0, due to AB^ 
is directed along the magnetic east and west line. The 
direction of the resultant of 86 and ^is indicated by 
If^JS\ For convenience in deducing the expressions for 
<^ more detailed sV^tcKes ot t\vQ i^o^VCyow^ <x ^V^.^^:»^, 
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131) are given in Figs. 132, 133. The i)oint is at the 
middle point of n%. 

First Method. Let the magnet AB^ used in 
the determination of dT5 ' 06^ be placed with 
its positive pole to the east and with its centre 
at a distance r from (position a, Fig. 130). 
Suppose the magnet AB to produce a certain 
deflection of the magnet ns. Reverse AB ; the 
deflection should now be equal and opi)osite to 
its first value. Next place the magnet at an n^ 
equal distance to the west of 0, and obtain de- 
flections with the positive and negative poles 
respectively directed toward (position 6, Fig. 
130). A pair of deflections equal to the first 
pair should now be obtained. Call the mean of 
these four deflections <f>. Repeat these observa- 
tions with AB at a distance r^ from (positions s 
a' and h\ Fig. 130). Call the mean of the 
deflections in this position <f>'. Kohlrausch says,^ 
"In order that the errors of observation may 
have the least possible influence on the result, 

it is best that the ratio of the two distances — 

should equal 1.4;" Gray says- 1.32. The dis- "* 
tance r' should be at least from three to five Fig. i3i. 
times the length of AB. 

Combining these two sets of measuiements, 

STB _1 r^tan<^ — r"tan<^^_ ^ , 

Seeond Method. Let AB be placed in the position a 



s' 



a' 



1 Phys. Meas.y 3d English Edition, p. 243. 

*Ab8ol, Meas. in Elect, and Mag,, YoX. U.>'Pax\.\.,^.^'^. 
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(P^ig. 131) with its positive pol« to the east, and obBene 
the deflection of iis; reverse AB and observe the deflec- 
tion ; repeat in position h ; continue the observations for 
l)Ositions a' and h'. Using the same notation as above, 



f^B r' tan 6 — r*^ tan 6' • ^ ... 



When the first method is used 8"!^ may be obtained by 
dividing (3) by (4) and extracting the square root. 
Thus 



*"\/f='^\/, 



2ir (r'-r^') 



(1 + e){Ti—T'){f\si^^—r'^\xD.^') 
When the second method is used 



-=V?r'Vi 



Kif-r'^^ 



Q, V (1 + ^) ( T? - T') (f tan <^ -r'^tan i\>') 

Proof. Suppose the magnet AB to have its poles of 
strength rrii at a distance l^ apart. Find the force acting 
on a unit jiole at a distance r from the centre of AB^ 
along its magnetic axis. 

First Method. Let the negative pole of AB (Fig. 132) 



N 



SFi 






OCw 



n 




fFm 



B 



Fig. 132. 



be toward the west; the force at due to it will be 
Vh. , directed toward the east. The force due to 

&-ihy 
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the positive pole will be - 



, directed biwanl tlie 



(r + iky 
west. The total force on unit pole will then lie 



\r-il,Y (r+Ji,)") 



. Neglecting hi 
sion, this may b 



^i^-l^^ 



directed toward the east. Neglecting higher powers than 
the second in the expansion, this may be written 



(8) 



Second Method. In this method 
let the positive pole of AB (Fig. 
133) be toward the east. Then 
the force on a unit negative pole 
at a distance r north from the 
middle of AB, due as before to 
the negative pole of AB, will be 

/^^^\ directed from B. The 

force due to the positive pole will 
be the same in magnitude, and 
will be directed toward A. For 
convenience in drawing Fig. 133, 
it has been assumed that the poles 
are at the ends of AB. In reality 
they should be further back. Re- 
solving these forces into south and 
east and north and east compo- 
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iientM, we find that the north and south components 
annul one another, and the east components produce a 
force on unit negative pole, 

directed toward the east. As before, this may be written 
without sensible error, 

.•'='•^(1-1) « 

Returning now to the first method, we may suppose a 
short magnet ns (Fig. 132) of length I and pole strength 
7n suspended at 0. Call the deflection produced by 
AB (f>. Then for equilibrium the moments of the two 
couples acting on 7i8 must be equal, or 

dSml sin <^ = Shnl cos <^. 
Therefore 

ffet^n<t> = ff=^{l + ^. . (10) 

When AB is in position a' we have 

^^tan<^'=^-^^(l + ^). . . (11) 

Eliminating c from (10) and (11) we obtain 

c9/S _ 1 r* tan <^ — r^^ tan <^^ 
lye ~ 2 r-r^' 

In a similar way for tliie second method we fmd 
equilibrium of the moments of the two couples when 
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and S^tan</>' = ^' A-^\; . . (13) 

which give on eliminating (/ 

f)Jo _7 ^ tan <^ — r"^ tan <^^ 

Correction for Induced Magnetization, In the meas- 
urement of <9/o • CHj the magnet is susjxinded in thi* 
earth's field in such a way that its magnetic moment is 
increased by induction. In verj' exact wrnk a coitcc- 
tion should be made for this change. This increase may 
be approximately estimated by the nde that the mag- 
netic moment flio is increased by — fk? I>er gnimme of 

steel. ^ 

Precautions. As the value of tH< is constiintly chang- 
ing, and as <9/o for a magnet is affected by atemjiera- 
ture coefficient, besides Ix^ing liable to Ixi j)ennanently 
changed by shocks or ])lows, or l)y contact witli or even 
proximity to other magnets or large masses of iron, it is 
advisable that the whole exj>eriment lie licrformed con- 
secutively. It is unnecessarj' to add that jh) iron or 
other magnetic substance near In' should Ix^ movc^d 
during the exi>eriment. In general tlie place in which 
magnetic measurements are made shouhl l>e free from 
the presence of unnecessary iron. Inm pii>es for wat^jr, 
gas, or steam, iron window weights, iron tehiS(.'oj)e l>ases, 
etc., should be replaced V>y othei-s machj of non-magnetic 
metals. 

130. Measurement of Intensity of Mafimetization, 
Magrnetio Induction, Permeability, and Susceptibility. 
— When a magnetic suljstan(;e is un(h;rgoing tests with 

1 Koblrau8ch*s Fhy$, Mea:, 3d V.u%Yw\v Edition, v '^'i- 
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reference to its magnetic qualities, it is usual to det«F- 
mine the effect of variouB magnetic fields in producing 
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magnetic induction £8 in the substance. From the data 
obtained it is possible to calculate the magnetic per- 
meability fi of the substance, the intensity of magneti- 
zation cf^ and the magnetic susceptibility k. J and k 
are little used, but for many reasons the ideas conveyed 
by these symbols are still useful. 

When a piece of previoiLsly unmagnetized iron is 
placed in a magnetic field whose intensity 00 is raised 
uniformly from zero, it is found that the magnetic 
induction increases at firat slowly, then by degrees more 
rapidly, until a maximum rate of increase is reached ; 
beyond this point the rate decreases toward a constant 
quantity, which equals the rate of increase of ffti as 
a limit, while J approaches a maximum. If the piece 
of iron has been previously magnetized it may be 
demagnetized by heating to a red heat, or by a process 
of reversals with gradually decreasing field strength. 
Curves a, 6, and c (Fig. 134) represent the relation of 
cB to fit^ under such circumstances for mild steel, 
wrought iron, and cast iron, respectively. The values 
of the quantities are in C.G.S. units. The data for 
these curves were obtained by experiments on rings, 
using the method of reversals (Art. 145), which does 
not require the demagnetization to be absolutely com- 
plete on starting the tests. 

When the intensity of the field is increased by steps 
from zero to some definite value, decreased from that 
value to zero, increased in the opposite sense to the 
same numerical maximum value as before, again de- 
creased to zero and the cycle repeated, the curve rep- 
resenting the relation of So to 86 after the first 
quarter cycle is similar to that shown in Fig. 135, which 
was obtained from experiments on a castriroiv ti.iv'^. T^ 
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first quarter-cycle, not shown in the figure, might have 
been represented by a curve similar to those of Fig. 134. 
It will be noticed tliat the values of 16 corresponding 
to decreasing values of OG are verj- much greater than 
those corresponding to the same values of c%' when in- 
creasing. This magnetic lag in the values of <f(5, which 
is due to the tendency of the iron to oppose changes 
in its magnetic condition, has received the name of 
magnetic hysteresis. As curves of cyclical magnetiza- 
tion show hysteresis, they are commonly called hysteresis 
curves. The amount of energy exi)ended in each cubic 
centimetre of iron per cycle because of hysteresis is 

Tr= i /mdm = A£??_of curve 

^TT 47r 

when the curve is plotted to scale. 

Four well-known methods have been used to determine 
the relation of &(3 to c6, c'/. At, and k; the optical 
method, used by du Bois,^ depending upon the phenom- 
enon discovered by Dr. Kerr,- that when plane polarized 
light is reflected by a magnet pole, the plane of polar- 
ization is turned through an angle depending upon the 
intensity of magnetization ; the magnetometric method ; 
the tractional method ; and, finally, the ballistic method. 
Of these the first will not be considered here further, 
inasmuch as it requires a practised experimenter to 
obtain good results. 

140. The Magnetometrio Method. — This method is 
applicable to open magnetic circuits only. The theory 
of the method is similar to that used in the determination 
of the horizontal component of the earth's field, which 

» PkiL Mag., TSrarch, 1890, April, 18%. 

* B. A. Beport, 1876, p. 40 ; PKxL Mag , M«y , Wl . 
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in this section will l>e designated by dSe • The magnetr 
onieter consists essentially of a small magnet suspended 
by a fibre of little torsion. In order that the deflections 
may ])e read, the magnet carries with it a light mirror. 
In practice the fibre may l)e attached to a mirror on the 
Iwick of which several small magnets are cemented. If 

tht» lari'cr mamiet used in the determination of — ^^ 

n*placc(l l>y that on which the experiment is to be made, 

a sin^rh* ()l)servation will give t'^/o if -, in equation (8) 

r- 

1m* neglected ; for 

*2(^lo 1 

rt?, tan 6="-^ , and <9/o = - /^ tW^ tan 6, 

/•" ^ 

for the iirst method ; or 

9/r) 
l\l tan <f) = , and c9/o = r" dS, tan <*, 

f" 

for the second method. 

If V ]yd the volume of the magnet and a solenoidal 

9/o 
magnetization be assumed, then (/ = 



It is fomid, however, in practice, that -; should not be 

neglected. Furthermore, the position of the poles is not 

at the ends and J is not uniform or solenoidal. In the 

case of a bar in the form of a very prolate ellipsoid of 

revolution, of minor axis a and length Z, the distance 

21 
between the poles is ^, and the following formula is 

3 
obtained : 

. 3/'r---Yrye,tan<^ 

c/= -A -1 for the first method, 

4 ira'ir ' 
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3 /'r* + |:y ^V. tan <t> 



and jr=— ^ ^. :^^ for the second nietluMl. 

The la8t foimula is frequently applied to long eylin- 
diical bars and leads to little error. 

One-Pole Method. A better method is to place the 
bar under test in a vertical ix)sition and east or west from 
the magnetometer. AVheii placed in this jxisition it is 
found that the bar is affected by the vertical component 
of the earth's field unless this comix)nent is compensated 
by a solenoid about the l>ar. The current through the 
solenoid wdll, however, affect the magnetometer, unless 
the horizontal component of the field produced at tlie 
magnetometer needle l>y the solenoid, with the bar 
removed, is compensated by another solenoid placed 
with its axis horizontal and in an east and west line 
passing through the magnetometer needle. The same 
current should pass through ]x)th solenoids, and the 
relative distances should be an-anged so as to annul the 
effect at the magnetometer. The comijensation is tlien 
assured with all cuiTents. The cuirent should also pass 
through an ammeter and an adjustable resistance to 
insure permanent comi^ensation of S^at the bar. The 
magnetizing solenoid also should surround the bar. 

The height of the bar should be adjusted until, with 
a certain magnetization, a maximum effect is obtained on 
the magnetometer. It is then assumed that one pole is 
directly behind the magnetometer. If tlie bar is long 
the effect of the lower pole is very slight. Assuming 
that the poles are at equal distances from the ends, the 
upper one at a horizontal distance r\ from the magnet- 
ometer n^^dl^ wd th^ lowQr quq at a distance r^ alonty 
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a line of inclination tf, and calling the distance between 
the iK)les I and the cross-section aS, we have 

., 960 tan d>n 
or 0= — -, / ' ., . 

If i\\ is not known, it may be found by comparison 
with the intensity of the field produced at the magnet- 
oin(»tcr needle by the second compensating horizontal 
solenoid. 

When the positions of the two compensating solenoids 
and the bar have l)een adjusted, the next step to be taken 
is to demagnetize the bar by revei-sals. For this there 
should be introduced into the circuit of the magnetizing 
solenoid a resistiince adjustable by small steps from zero 
to its full value, and a commutator to reverse the current. 
The adjustable resistance should be cut down until the 
magnetization of the bar is as great as any value reached 
since its last demagnetization. The direction of the 
(current should be continually and rapidly reversed while 
tlui adjustable lesistiince is increased gradually to its 
highest value, and finally the circuit should be broken. 
A li(piid resistiuice, such as zinc sulphate solution 
l)etweeu zinc plates, whose distance apart maybe varied, 
niiikes a satisfactory adjustable resistance. If the magnet- 
onietei* does not return to its zero reading, the current 
through the compensating solenoids should be changed 
until it does. As feeble magnetic forces are slow in 
acting, it is necessary to allow some time for this adjust- 
ment. 

This method is very valuable Iot \S[ve mNfe^\:\^^\Assvi. oi 
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the effects of weak fields on <^6, cT, /x, and k. For kucIi 
work the ballistic method is quite unsatisfactory, owing 
to the creeping up of the magnetization. 

Example.' 

Test of a piece of wrought-iron wire by the magnetometric 
method. Cross-section of wire, 0.004658 sq. cm. ; length of wire, 
30.05 cms. ; ,gg, equalled 0.299 C.G.S. unit. 

Distance of millimetre scale, 1 metre; ri = 10 cms., r-i = 31 

cms. Whence (^^^ =0.0335. 

Deflection of one scale part corresponds to tan <> = 0.0005. 
Value of J per scale division = ^.^l^^,^^^^^ X KH) ^.^ ^^ 

The magnetizing coil contained 69 turns per cm. 

4n- G9 
Magnetizing force per ampere =_'-•_ = 86.7. 
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141. The Traotional Method. — If a longitudinally 
magnetized bar be cut orthogonally in two, and the parts 



' Ewing's Mag, Irtd, in Iron, ^. AS. 
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l)e Hejiarated an infinitesimal distance, both end surfaces 
will show equal intensities of magnetization J. Call 
the area of each end surface S. The attraction of one 
surface on the other will be 2Trj'S^ provided the field 
^\^ al)out the bar Ije negligible. If &6 is not negligible 
and is due to an outside cause, — for example, a magnetiz- 
ing solenoid not attached to the magnet,— we must add to 
the al)ove a force 00 J S, If the solenoid is in two parts 

closely wound alx)ut the bar, which separate with the 
part« of the Ijar, we must add a third term — - — for the 

OTT 

mutual attraction of the two parts of the solenoid, which 
is assumed to l)e of the same cross-section as the bar. 
These forces are in dynes; to reduce to grammes they 
must be divided by 980. Reducing to a common 
denominator and sutetituting the value of £6, we obtain 
for F in grammes under the three conditions, 

F= -^- (IfiTrVr-) = ^^ (a) 

Btt^ Sirg 

F=J'^ (167rVy- + SttjW) = (^JI^)^. . (5) 
oTTi/ Sirg 

F= J- (igtt^ J^ + Sirjae + c%^) = ^. . (tO 

Also £S = A /§5?:^= 156.9 ^/l. . (a and c) 

f^ = ^^^^+m' (h) 

It is evident from the above equations that if <^and 
£S dre not uniform over t\\e \v\io\e o-To^^-^^oNAaw q1 \K^ 
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magnet, the result obtained will be the square root of 
the mean square, and not the simple mean. The scjuare 
root of the mean square is always greater than the 
mean. It therefore follows that the value here o])tained 
may be slightly larger than that obtained by otlier 
methods. Exactly such results were obtained from ex- 
periments made with a horse-shoe magnet (Fig. 141). 
The upper curve of Fig. 142 represents the relation of 
6iB and SfSt with the values of CS calculated from the 
force necessary to detach the armature. The lower 
curve was obtained by the ballistic method (Art. 145), 
the exploring coil being in the position marked 2. For 
large values of 86 the value of 16 tends to become 
uniform over the whole cross-section, and the curves 
approach each other. 

142. The Divided Ringr. — Let a divided ring (Fig. 
136) of cross-section S sq. cms. be uniformly wound 
with a magnetizing coil of n turns per 
cm., measured along the mean circum- 
ference; and let the coil be traversed 
by a current of / units in C.G.S. 
measure. Then the value of the mag- 
netizing force 86 will be iTrnl, At- 
tach the hook on the lower half C 
to the bottom of a frame, from the top 
of which the upper half C is supported 
by means of a spring balance, hooking 
into the eye on C", and a turn-buckle to Fig. m. 

increase the tension. Care should be 
used in setting up the apparatus so that the line of pull 
may pass vertically through the centre of the ring and 
normally to the plane of sepatatvou oi \A\<e. t^c\ l\al,vQH^ 




306 ELECTRICAL MEASUREMENTS. 

Eitlier tlie balance should be adjusted to zero when 
supporting (7^ or else the weight of C^ should be sub- 
tmcted from the observed forces. In calculating fig, 
the value of S should be doubled so as to include 
both surfaces of contact. 

Shelford Hidwell made use of a ring made from a 
very soft charcoal iron rod. After welding the joint, 
the ring wiis turned do\vn in a lathe to a uniform trans- 
verse circular cross-section of 0.482 cm. diameter. The 
outer r.idius of the ring was 4 cms. and the mean radius 
8.7(5 cms. After the ring was sawed in two, brass col- 
lars were fiustened to the ends of one half to hold the 
other half in position, thus insuring freedom from 
lateral displacement. Both halves were uniformly 
wound with ten layei-s of insulated wire 0.07 cm. in 
diameter. After cacli turn was in place the radial gaps 
were tilled witli paraffin. The half with the collar had 
980 turns, part of wliich were on the collar, and the 
other half had 949 turns. When the two halves were 
together, the ring appeared to be uniformly wound 
without break. The value of &6 was carried to 585, 

when the weight supported by the ring reached 15,905 
grammes. 

143. The Divided Rod. — A rod is a more convenient 
form for testing than the ring, since it does not need to 
be bent, welded, and turned true. The apparatus used by 
Bosanquet^ for testing rods is shown in Fig. 137. The 
rod is divided into halves <% c\ wliich meet in carefully 
faced surfaces. Each half has a closely wound solenoid 
B about it. From the bottom of c a scale pan is sus- 
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pended. The 8cale pan, the lower Imlf of the rod, and 

its solenoid are counterbalanced by a lever not shown in 

the figure, so that when the 

pan is empty there is no sep- ('Q^ 

arating force at the junction. "-^ " 

An exploring coil D, connected 

with a ballistic galvanometer, 

surrounds the upper end of c. 

When e and c" separate, D is 

quickly withdrawn from tlie 

field by a spring, thus giving 
an independent method of 
measuring £6. Bosanquet 
found a close agreement be- 
tween the values of U'i cal- u_j l_ 
culated by the two methods for (D) 
large values of d€- For small 
values the agreement was not 
good. He used two cylindrical 
iron rods 20 cms. long and ^^ 
0.526 cm. diameter, each wound 

with 1,096 turns of wire. The maximum weight sup- 
ported was 20,414 grammes. 

144. ThompBon's Permeameter. — Bosanquet's 
divided ring method hiia the disadvantage of having poles 
at the ends of the divided bar. Allowance must be made 
for these in computing t'k'. Tliompeon lias avoided this 
difficulty by slotting ont a i-ectanguhir block uf ii-on A 
(Fig. 138) to receive a magnetizing solenoid S, througli 
which a coaxial brass tube passes. Tlie sample to be 
tested is turned into a cylinder just fitting the bi-ass 
tube, and is insertt"! from the to\.. 'I'Uv. lowei: cud of 
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c is carefully surfaced and rests against a part of the 
yoke, which is also carefully surfaced. The lines of 

force are assumed to go through 
the iron only. 53 is calculated as 
before from the pull which will over- 
come the magnetic attraction at the 
lower end of the rod. The attrac- 
tion at the upper end of the rod is 
at right angles to the rod and has no 
effect. Thompson gives the for- 
mula 




^0 = 1317 VPounds -=- sq. in. + a? = 
156.9 \^Grammes -=- sq. cms. + 86 

to express the relation between 66^ 
(%', and jF, which is somewhat differ- 
ent from formula (6), Art. 141. Er- 
roi-s of observation will, however, 
cause larger differences than that between the for- 
mulas. 



Fig. 138. 



146. The Ballistic Method. — This method in its 
present form is due to Rowland.' It depends upon the 
principle that when the flux of magnetic induction 
through a coil aS' (Fig. 139) of ni turns is changed 
by a quantity iV, the time integral of the electromotive 
force generated in the coil is n^N. If the coil aS' be in 
a circuit of resistance r, including a ballistic galva- 
nometer G of long period, the quantity of electricity 



passing through the galvanometer will be 
these quantities are in C.G.S. units. 



^liV'. 



All of 



1 Phil. Mag , Vol. X1.V1.^1%1^» v- VA^ 
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If the same circuit includes, as part of r, an earth- 
inductor EI of total 
area A lying horizon- 
tally in a place where 
the vertical component 
S^of the earth's mag- 
netic field is known, 
the constant k of tlie 
galvanometer may be 
determined by a simple 
reversal of the coil. 
Let rf, be the deflection 

(corrected to sin - 

angle) corresponding 
to the quantity of 
electricity Q passing 
through the galvanometer; then by Art. 137 

Qz=dik = - , and k = ^^^^r- • 

r dir 

Let c?2 be the corrected deflection due to the change 

71 JV 

Nin the flux through S; then ^2^= -i- , from which it 




Fig. 139. 



follows that 



iV^= 



2AVd, 
riidi 



(1) 



There are several objections to the use of the earth- 
inductor. In the first place, an error may be made in 
determining A ; next, an error may be introduced by a 
change in S^, due to any one of many causes; and, 
tbirdlj, a considerable error may be introduced because 
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of the large number of observations necessary in deter- 
mining S'. For these reasons it is better to determine 
k by means of a standard cell and a standard condenser. 
Let E Ih* the electromotive force of the standard cell, 
and C the ca^xacity of the condenser. Connect the 
apparatus as in Fig. 88, p. 188, and charge the condenser 
and discharge it through the galvanometer. Let ds be 
the deflection ; then djk = CE^ and 

JVr=100^^^, n\ 

dsfii 

where C Ls in microfarads, E in volts, and r in ohms. 
The resistiince r is the resistance of the entire circuit as 
connected for the determination of iV. 

As the damping of a ballistic galvanometer may be 
appreciably different on open and on closed circuits, it 
is advisable to have the discharge key double so as to 
close the galvanometer through an external resistance 
equal to that of the working circuit immediately after 
the discharge of the condenser. 

For this method it is better to use the iron in the form 
of a ring. It should be wound uniformly all the way 
around with a primary coil P, of 7?2 turns per cm. meas- 
ured along the mean circumference. P should be in 
series with an ammeter, not shown in Fig. 139, a resist- 
ance Ml adjustable by small gradations, and a storage 
battery SB^ through a commutator C. If a current of 
I C.G.S. units flows through this circuit, the correspond- 
ing value of d6 will be ^irriiL 

To find A 66, the change in the value of £8, the 
change of flux in the iron should be divided by the 
cross-section A' of the iron. To be exact, the part N' 
included between the iron, and \\i^ «»^q.otA^^^ ^.^^isJs. ^^ 
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which is wound outside of the primarj% should l)e 
subtracted from N. But this correction is generally 
negUgible. 

Practice of the Method. AVhen ready to l)egin the 
experiment, the ring if previously used sliould Ihj 
demagnetized by reversals, beginning with tlie highest 
value of 86 employed before. The resistance in Ri 
should be gradually increased after each reversal of the 
commutator until its highest value is reached, and the 
circuit should then be opened. 

To obtain a simple magnetization curve by reversals, 
the value of Ri should be adjusted to give the lowest 
value of SB'i the circuit closed, and the value of the 
current observed. The commutator should then be 
reversed and the deflection of the galvanometer noted. 
As the flux through S is only one-half the change in 
the flux, the value of 66 should be calculated from one- 
half the deflection. To obtain the residual value of 
68, the circuit should be broken and the deflection 
again noted. This residual value is proportional to the 
difference between this deflection and half the previous 
one. R\ should now be decreased for the next higher 
value of S6^ and the ol)servations repeated, and so on. 
The values of 86 when plotted with the corresponding 
values of 68 will give the curves of temporary and 
residual magnetization. 

To obtain a cyclical magnetization or hysteresis curve, 
the ring should be demagnetized as above. Then, 
adjusting the value of R\ for the lowest value of 86 
desired, the circuit should be closed, the deflection of 
the galvanometer noted, and the ammeter read, 'i'he 
resistance lii should now be decreased abruptly by suit- 
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able steps and the corresponding deflections noted. The 
corregix)nding values of £g are proportional to the sum- 
mations of the deflections from the beginning. When 
the highest value of 86 desired has been reached, the 
resistance iZ, is increased by suitable steps, and ffS 
reduced until on breaking the circuit 86 is zero again. 
The commutator is now reversed and ff6 is carried 
to corresponding values in the opposite sense, and 
so on. After the first quarter-cycle the values of 96 
and 66 repeat tliemselves, and the resulting curve 
is called a cyclical magnetization or hysteresis curve. 
The first quarter plots as a simple magnetization 
curve. 

There should be little difference between the outer 
and inner radii of the iron ring used in this experiment. 
If a bar is used it should be at least forty diameters in 
length and the magnetizing solenoid should cover almost 
the whole length. The secondary coil should be at the 
centre. To avoid the effects of the earth's field the axis 
of the ring should be along the lines of force, but it is 
sufficient if the ring is horizontal and the axis of the 
secondary coil is east and west. In the case of a bar, 
the axis should be east and west. 

For convenience in bringing the galvanometer needle 
to rest, a small coil, through which the magnet ns may 
be thrust, is included in the circuit of Gr. Every move- 
ment of ns produces an induced current which may be 
so timed as to check the swing of the needle. A sole- 
noid near the galvanometer in circuit with a single cell 
and a key within reach of the observer may serve the 
same purpose. 

The great fault in the ballistic method as applied to 
rings is that it takes no accouii\. oi ^^ ^^^m\. Ooasv'^^ 
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in magnetization — the socalled creeping up — which 
follow any sudden change in fk^. IIopkiuHon's Ixir and 
yoke method, described in the following article, is to a 
large extent free from this defect. 

Example. 

7%e Ballistic Method applied to a Cast-Iron Ring, 

Total area of earth-inductor J, 48,600 sq. cms. 
Vertical component of the earth^s field S^, 0.54. 
Corrected deflection of the galvanometer for one turn of earth- 
coil, du 75. 

Number of turns in /S, tzi 20. 

Number of turns in P 273. 

Mean length of magnetic circuit . . . . 39.82 cms. 

Numberof turns per cm., n2 6.86. 

Cross-section of ring, ^' 5.94 sq. cms. 

No allowance was made for N', Hence 

&6 = ^nn^I=^ 86.2/C.G.S. units. 

N 2A<^ 

A5 = — = = 5.89^2. 

A' A'nidi 

B = 5.89 2^2 . 

The ring had been previously used, and had not been com- 
pletely demagnetized before the beginning of the test, and as a 
consequence th^ values of SB for the first quarter-cycle do not 
represent changes from a neutral condition. One-half the 
numerical difference between the extreme observed values of 
£B will, however, give the real initial value of 66. Applying 
this as a correction, the real values of 66 are obtained. The 
correction in this instance was 1,758. 
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146. Hopkinson*s Bar and Yoke Method. — This 
method makes use of a piece of apparatus very much 
like Thompson's permeameter. The method, however, 
is a ballistic one. The bar to be tested is divided into 
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two pieces c and v' (Fiff. 140), tlu* fc»niM»r iiiovalih; in 
the direction of it^ len^lu and tlu* latttT tixtMl dur- 
ing the test. The 

abutting ends of 
the two pieces nnist r r 

be carefully sur- 
faced and in close 
contact. The lat- 
eral surfaces of <?, 
</ should be in good contact with A^ whicli is nia(U; 
of very soft iron. Tlic solenoid J^B is divided in 
halves, and between tlieni is a test coil /> wound 
on an ivory ring. This test coil is connected in cir- 
cuit with a ballistic gidvanonieter. When the iwiil r 
of the bar is abruptly drawn out a sliort distiince by 
means of the handle, a spring throws the test coil out 
from the yoke, thereby making it cut the whole flux of 
induction present when tlie handle was puHed. The 
deflection of the galvanometer measures the flux. For 
cyclical magnetization curves the parts of tlie bai* aie 
not separated, and the apparatus acts in all essential 
respects like the ring of tlie i)revious section. 

Because of the small value of the magneti(5 rehie- 
tance in A^ it is tissumed that the ecpiivakait length 
of the magnetic circuit is tlie length of the sh)t in 
A. It is also assumed that there is no leakage of 
magnetic induction from the bear. Althougli thi^st^ 
conditions are not exactly fulfilled, and although tlie 
reluctance of the joints is not insiuisible, yet for ])iac- 
tical commercial purposes the method is sullieieiitly 
exact. 
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Fig. 141. 



147. Comparison of the Values of ^g by the Bal- 
listic and the Tractional Methods. — The electro- 
magnet, 8ho^vn on a scale of onensixth in Fig. 141, 

was designed to test the 
laws of traction, lx)tli with 
the armature in contact and 
when separated from the 
pole piece at various dis- 
tances. In the course of 
the experiments made upon 
it (B was measured by both 
the ballistic and tractional 
metliods. When the arma- 
ture was in contact the re~ 
suits were exactly what 
might have been anticipated 
from theory. With low val- 
ues of ntj there should be a considerable difference be- 
tween the values of f:B on the inner and the outer sides 
of the magnetic circuit ; and as a consequence the mean 
value of 6(5, determined by tlie ballistic method, should 
l)e less than the square root of the mean square value, 
determined by traction. For higher values of dG the 
value of fH tends to become uniform over the whole 
cross-section, and as a consequence the mean value and 
the square root of the mean square value tend to be- 
come equal, and the results by the two methods should 
agree closely. Fig. 142 gives 0^86 curves calculated 
by both methods, the upper one by the tractional and 
the lower by the ballistic method. 

The traction was applied at the middle of the arma- 
ture by means of a spring dynamometer and a lever 
combined. As the spring dynamometer read no higher 
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than o*) kilw., it -wui iit'ufssary to liav<' ivi'iiii'si- i<i a 
lever in addition. Thv iiietlmd nf <i|M'i-;itiii^ wus i<i 
place lai^ weights in tliu iniii iittmlicil lo l)ii: t'l-uf cnil 
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of tlio lever until the proper value mw iioarly ixfiw^lusil ; 
then by meaim of a turn hnckle, the jmll ^viiH imircaned 
by drawing np the dynamometer until the annatiiiv. 
was detached. The value of W) wua caleuhitud from 
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the formula, 66 = 156.9^/— -, where ^ was the pull 

in grammes and S the cross-section in sq. cms. In this 
particular case S was 11.34. Therefore 

£6 = 32.94\/"i\ 

The galvanometer constant was determined by means 
of a standard Carhart-Clark cell, whose electromotive 
force was 1.432 volts at 29** C, and an Elliott condenser 
of 0.5065 mf. capacity. The condenser when charged 
by the cell and discharged through the galvanometer 
gave a corrected deflection rfs of 39.4. When the 
galvanometer was connected witli test coil 2 of one 
turn. Til = 1, the resistance of the circuit was 6660 
ohms. Calling cZ^ the deflection caused by reversing 
the magnetic flux through coil 2, we have by Art. 
145, 

a3 = ioof^!;f=54icZ,. 

The totiil number of turns in ABCD was 3464, and 
the equivalent length of the magnetic circuit was com- 
puted to be 83 cms., making the number of turns per 

cm. th equal to -3^. Consequently, calling the cur- 

83 

rent ij 

Sfe' = 47r//i = 025 7 C.CI.S. units. 

The following •table gives the results by both 
methods : 
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Tractionat. Method. 


Ballistic Method. 


Current. 




Q-rammes. 


€B 


Current. 


&e 


Deflec- 
tion. 


£8 


0050 

O.no 

0.160 
0.200 
0.257 


26.2 

57.7 

83.9 
106.0 
134.9 


196000 . 

243000 

263000 
270000 
273000 


14580 

16240 

16890 
17120 
17210 


0.026 

0.050 

0.076 

0.1012 

0.133 

0.170 

0.210 

0.270 


13.6 
26.2 
39.9 
53.1 
69.8 
89.2 
110.0 
141.7 


17.4 

24.45 

27.6 

28.9 

30.2 

30.8 

31.6 

32.2 


9410 
13230 
14930 
15630 
16340 
16660 
17090 
17420 



148. Magrnetic Leakage. — To determine the value 
of the magnetic flux with various numbers of ampere- 
turns and in various parts of the magnetic circuit, six 
test coils were wound at points designated by the num- 
bers 1 to 6 (Fig. 141). Coil 1 could be moved to the 
position la. With the armature in contact with the 
pole pieces, the value of the flux through the several 
test coils was determined for various numbers of 
ampere-turns in A^ J?, (7, and i>, which were always in 
series. 

With the armature in contact with the pole pieces, 
the maximum flux was through coil 3, the flux decreas- 
ing through the other coils in the order 4, 2, 1, 6. The 
flux through 5 was not measured. When the armatui'e 
wius separated from the poles by a dis'.ance of 0.32 cm., 
and a smaller number of ampere-turns than 6300 was 
used, the order was 4, 6, 3, 1, 2; above 6300 ampere- 
turns 6 and 3 exchanged places. When the armature 
was in contact with the poles there was leakage from 
its ends. This was shown by the fact that the deflec- 
tion produced by coil 1 was reversed in direction when 
placed at la. With the armature at 0.32 cm. from the 
poles, however, the flux through the ends was added to 
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that through the middle of the armature, the deflec- 
tions at 1 and \a being of the same sign. At 1.27 ems. 
coil 5 showed the greatest flux ; coils 4 and 6 came next, 
6 leading slightly up to 5000 ampere-turns and beyond 
that coil 4 ; the others followed in the order 3, 1, 2. 
The same relative order was maintained when the arma- 
ture was removed from the poles a distance of 6.35 
cms. In every case coil 6 was traversed by a greater 
flux than coil 4 for the smaller numbers of ampere- 
turns, the reverse being true for the larger num- 
bers. As the distance of the armature from the poles 
increased, there was an increase in the number of 
ampere-turns at which the exchange of relative values 
between 4 and 6 took place. This exchange is explained 
by the increased reluctance of the iron portion of the 
magnetic circuit with the liigher values of £B. 
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TABLE I. 

Beduction of Deflections observed with Mirror and Scale (Art. 28). 
d = deflection reckoned from the point of rest. 
a = distance between mirror and scale. 



a 



e 



The values of ^, tan ^, sin 6^ 2 sin - are obtained by 

multiplying q by the factor corresponding to the value of 

8 in the table. This factor is equal to unity diminished 
by the value of the expression standing at the head of 
the column. 
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TABLB n. 
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TABLE IL — Coniinved. 
Btfleeting OalTanometar Beale Erron. 

(Tbeae eomctionc mre to be «uhtract«Kl fn>in thtf obiien-cd deflect ii>ii«.) 
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0. 
o. 
o.o5 

0.0'. 

o.o:» 
o.u5 

0.1 

0.15 

0.15 

0.2 

0.25 

0.3 

o.:ri 

0.4 
0.5 

0.0 
0.7 
O.H 

0.9 
1.0 
1.15 

1.3 

1.45 

1.6 

1.75 
1.95 
2.15 

2.35 
2.55 
2.8 

3.05 
8.35 
3.65 

3.95 
4.25 
4.55 

4.9 
5.3 
5.65 

6.05 
6.45 
6.85 

7.3 

7.75 
8.25 
8.75 



o. 
o. 
«i.(i.'i 

o.(r» 

O.O.'i 
0.05 

0.1 
0.1 
0.15 

0.2 

0.25 

0.3 

0.:i5 

0.4 

(K5 

0.55 
().6:> 
0.75 

0.85 
0.95 
1.05 

1.2 

1.35 

1.5 

1.65 
1.85 
2.05 



2.25 
2.45 
2.65 

2.9 

3.15 

3.40 

3.7 
4.0 
4.3 

4.65 

5.0 

5.35 

5.76 
6.15 
6.55 

6.95 
7.4 
7 85 
8.35 



I 



o. 
o. 
o. 

0.05 

<I.O.'i 

0.05 

0.1 
1 
0.15 

0.2 
0.2 
0.25 

0.3 
0.4 
0.45 

0.,"»5 

0.6 

0.7 

0.8 
0.9 
1.0 

1.15 

1.3 

1.45 

1.6 

1.75 

1.95 

2.15 

2.35 ; 

2.56 

2.75 

3.0 

3.25 

3.5 
3.8 
4.1 

4.4 

4.75 

6.1 

5.46 

5.8 

6.2 

6.6 
7.0 
7.45 
7.9 



0. 
o. 

0. 
O.O.'i 

o.o5 

O.O'i 

0.1 : 

0.1 , 
0.15 , 

0.15 i 

0.2 

0.25 

0.3 ; 
0.:J5 

0.45 , 

0.5 I 

0.6 

0.65 

0.75 
0.H5 , 
1.0 

1.10 
1.25 
1.36 

1.5 
1.7 

1.85 

2.05 

2.2 

2.4 

2.6 

2.85 

3.1 

3.35 

3.6 

3.9 

4.2 
4.6 

4.85 

6.2 

5.55 

5.9 

6.3 
6.7 
7.1 
7.55 

i 



a. 



60 
60 
70 

HO 

90 

100 

110 
120 
130 

140 
150 
160 

170 
IHO 
190 

200 

220 I 

230 g 
240 " 
260 S 

260 o 
270 « 
280 

290 
800 o 
810 § 

820 ' 

880 

840 

860 
360 
870 

880 
390 
400 

410 
420 
480 

440 
460 
460 

470 
480 
490 
600 
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ELECTRICAL MEASUREMENTS. 



TABLE in. 

Seduction of the Period to an Infinitely Small Arc. 

If the observed time of oscillation be T, with an are 
of oscillation of a degrees, cTmw&t be subtracted from 
the observed value to reduce to an infinitely small arc 
of oscillation. 



a 


c 




a 


c 


1 

1 


a 


c 




1 
a 


• c 




0* 


0.00000 


10' 


0.00048 


20* 


0.00190 


30* 


0.00428 




1 


000 





11 


058 


10 


21 


210 


20 


31 


457 


29 


2 


002 


2 


12 


009 


11 


22 


230 


20 


32 


487 


30 


3 


004 


2 


13 


080 


11 


23 


251 


21 


33 


518 


31 


4 


008 


4 


14 


093 


13 


24 


274 


23 


34 


550 


32 


5 


012 


4 


15 


107 


14 


25 


297 


23 


35 


583 


33 


6 


017 


5 


16 


122 


15 


26 


322 


25 


36 


616 


33 


7 


023 


6 


17 


138 


16 


27 


347 


25 


37 


651 


35 


8 


030 


7 


18 


154 


16 


28 


373 


26 


38 


686 


35 


9 


039 


9 


19 


172 


18 


29 


400 


27 


39 


723 


37 


]0 


0.00048 

1 


9 


20 


0.00190 


18 


30 


0.00428 


28 


40 


0.00761 


:iS 



TABLE IV. 
E.M.F. of Standard Cella at Different Temperatures. 





Clark 


Cell. 




Cabhabt-Olabk Cbli 


i» 


Temp., C. 


E.M.F. 


Temp., C. 


B»Ii&.F. 


Temp., C. 


E.M.F. 


Temp., C. 


E.M.F. 


10» 


1.4396 


20* 


1.4279 


10* 


1.4428 


20* 


1.4372 


11 


1.4385 


21 


1.4267 


11 


1.4422 


21 


1.4367 


12 


1.4374 


22 


1.4254 


12 


1.4417 


22 


1.4361 


13 


1.4368 


23 


1.4241 


13 


1.4411 


23 


1.4356 


14 


1.4352 


24 


1.4227 


14 


1.4406 


24 


1.4350 


15 


1.4340 


25 


1.4214 


15 


1.4400 


25 


1.4345 


16 


1.4328 


26 


1.4200 


16 


1.4394 


26 


1.4340 


17 


1.4316 


27 


1.4186 


17 


1.4389 


27 


1.4334 


18 


1.4304 


28 


1.4172 i 


18 


1.4383 


28 


1.4329 


19 


1.4292 


29 


1.4158 


19 


1.4378 


29 


1.4323 






30 


1.4143 






30 


1.4318 



APPENDIX A. 


'.\-i:> 


TABLE V. 




DimtmionAl FormnUi. 




/. Merhanit'ul UnitH. 




Area 


/;-' 


Volume 


L 


Velocity 


i/r ' 


Acceleration 


i/r 


Force 


LMT 


Moment of rotation 


L'Mr 


Moment of inertia 


lyM 


Work, energy 


, 7;-',)/ 7' 


11. JhUectr'n: Unitm. 




Quantity of electricity 


, .)747.4 


Electric potential, electromotive force 


. MiLir 


Capacity 


7. "/'' 


Current strength 


MUAT ' 


Resistance 


, 7/7' ' 


Inductance 


L 


.777. M(i(/netii! Un'itn. 




Strength of jjole .... 


. M^IAT ' 


Magnetic moment .... 


. if J 7.» T ' 


Intensity of magnetization 


. MUj^T ' 


Magnetic force, intensity of field 


, M^L-^T-' 



The above electric and magnetic units arc in the electro- 
magnetic system. 



326 



ELECTRICAL MEASUREMENTS, 



TABLE VI. 

Doubled Square Boots for Kelvin Balances. 








100 


800 


800 


400 


600 


600 


700 


800 


900 






1 

2 

rj 
\ 

6 


0000 
2000 
2-828 
3-4&1 
4-000 
4-472 

4-899 
5-292 
5-657 
6-000 
6325 


20-00 
20-10 
20-20 
20-30 
20-40 
20-49 


28-28 
28-36 
28-43 
28-50 
28-57 
28-64 

28-71 
28-77 
28-84 
28-91 
28-98 


34 64 
34-70 
34-76 
34-81 
34-87 
34-93 

34-99 
3504 
35-10 
35-16 
35-21 

35-27 
35-33 
35-38 
36-44 
35-50 


40-00 
40-05 
40-10 
40-15 
40-20 
40-25 


44-72 
44-77 
44-81 
44-86 
44-90 
44'94 


48 99 
49-03 
49-07 
49- 11 
49-15 
49-19 


52-92 
52-95 
52-99 
53-O.i 
53-07 
53-10 

53-14 
53-18 
53-22 
53-25 
53-29 


56-57 
56- UO 
56-61 
50-67 
56-71 
56-75 

56-78 
56-82 
56-85 
56-89 
56-92 


60-00 
60-03 
60-07 
60-10 
60-13 
60-17 

60-20 
60-23 
60 27 
60-30 
60-33 



1 
2 
3 
4 
5 


6 
7 
8 
9 
10 


20-59 
20-69 

20-78 
20-88 
20-98 


40-30 
40-35 
40-40 
40-45 
40-50 


44-99 
45-03 
45-08 
4512 
45-17 


49-23 
49-27 
49-32 
49-36 
49-40 


6 
7 
8 
9 
10 


11 
12 
13 
14 
15 


6-633 
6-928 
7-211 
7-483 
7-746 


21-07 
21-17 
21-26 
21-36 
21-45 


29-05 
29-12 
29-19 
29-26 
29-33 


40-55 
40-60 
40-64 
40-69 
40-74 


45-21 
45-25 
45-30 
45-34 
45-39 


49-44 
49-48 
49-52 
49-56 
49-60 


53-33 
53-37 
53-40 
53-44 
53-48 


56-96 
56-99 
57-03 
57-06 
57-10 


60-37 
60-40 
60-43 
60-46 
60-50 


11 
12 
13 
14 
16 


16 
17 
18 
19 
20 


8-000 
8-246 
8-485 
8-718 
8-944 


21-54 
21-63 
21-73 
21-82 
21-91 


29-39 
29-46 
29-53 
29-60 
29-66 


35-56 
35-61 
35-67 
35-72 
35-78 


40-79 
40-84 
40-89 
40-94 
40-99 


45-43 
45-48 
45-52 
45-56 
45-61 


49-64 
49-68 
49-72 
49-76 
49-80 


53-52 
53-55 
53-59 
53-63 
53-67 


67-13 
57-17 
57-20 
57-24 
57-27 


60-53 
60-56 
60-60 
60-63 
60-66 


16 
17 
18 
19 
2C 


21 
22 
23 
24 
25 


9-165 
9-381 
9-592 
9-798 
10-000 


22-00 
22-09 
22-18 
22-27 
22-36 


29-73 
29-80 
29-87 
29-93 
30-00 


35-83 
35-89 
35-94 
36-00 
36-06 


41-04 
41-09 
41-13 
41-18 
41-23 


45-65 
46-69 
45-74 
45-78 
45-83 


49-84 
49-88 
49-92 
49-96 
50-00 


53-70 
53-74 
53-78 
53-81 
53-85 


57-31 
57-34 
57-38 
57-41 
57-45 


60-70 
60-73 
60-76 
60-79 
60-83 


21 
22 
23 
24 
25 


26 
27 
28 
29 
30 


10 198 
XO-392 
10-583 
10.770 
10-954 


22-46 
22-54 
22-63 
22-72 
22-80 


30-07 
30-13 
30-20 
30-27 
30-33 


36-11 
36-17 
36-22 
36-28 
36-33 


41-28 
41-33 
41-38 
41-42 
41-47 


45-87 
45-91 
45-96 
46-00 
46-04 


50-04 
50-08 
50-12 
50-16 
50-20 


53-89 
53-93 
53-96 
54-00 
54-04 


57-48 
57-52 
57-55 
57-58 
57-62 


60-86 
60-89 
60-93 
60-96 
60-99 


26 
27 
28 
29 
30 


31 
32 
33 
34 
36 


11-136 
11-314 
11-489 
11-662 
11-832 


22-89 
22-98 
2307 
23-15 
23*24 


30-40 
30-46 
30-53 
30-59 
30-66 


36-39 
36-44 
36-50 
36-55 
36-61 


41-52 
41-57 
41-62 
41-67 
41-71 


46-09 
46-13 
4617 
46-22 
46-26 


50-24 
50-28 
50-32 
50-36 
50-40 


54-07 
54-11 
54-15 
54-18 
54-22 


57-65 
67-69 
57-72 
57-76 
57-79 


61-02 
61-06 
61-09 
61-12 
61-16 


31 
32 
33 
34 
35 


36 
37 
38 
39 
40 


12-000 
12-166 
12-329 
12-490 
12-649 


23-32 
23-41 
23-49 
23-58 
23-66 


30-72 
30-79 
30-85 
30-92 
30-98 


36-66 
36-72 
36-77 
36-82 
36-88 


41-76 
41-81 
41-86 
41-90 
41-95 


46-30 
46-35 
46-39 
46-43 
46-48 


50-44 
50-48 
50-52 
50-56 
50-60 


54-26 
54-30 
54-33 
54-37 
54-41 


57-83 
57-86 
57-90 
57-93 
57-97 


61-19 
61-22 
61-25 
61-29 
61-32 


36 
37 
38 
39 
40 


41 
42 
43 
44 
45 


12-806 
12-961 
13-115 
13-266 
13-416 


23.76 
23-83 
23-92 
24*00 
24-08 


31-05 
31-11 
31-18 
31-24 
31-30 


36-93 
36-99 
37.04 
37-09 
37-15 


42-00 
42-05 
42-10 
42-14 
42-19 


46-52 
46-56 
46-60 
46-65 
46-69 


50-64 
50- 6S 
50-71 
50-75 
50-79 


54-44 
54-48 
54-52 
54-55 
54-59 


58-00 
58-03 
58-07 
5810 
58-14 


61-35 
61-38 
61-42 
61-45 
61-48 


41 
42 
43 
44 
45 


46 

47 
48 
49 
50 1 


13-565 
13-711 
13-856 
14-000 

i4-342 

/ 


24-17 
24-25 
24-33 
24-41 
24-49 


31-37 
31-43 
31-50 
31-66 
31-62 


37-20 
37-26 
37-31 
37-36 
37-42 

• 


42-24 
42-28 
42-33 
42-38 
42-43 


46-73 
46-78 
46-82 
46-86 


50-83 
50-87 
50-91 
50-95 
"^-99 


54-63 

. 54-66 

54-70 

64-74 

5' 


58-17 
58-21 
58-24 

58-28 

1 


61-51 

61-55 

61-58 

61-6 

61-64 


46 
47 

48 
49 
50 



APPENDIX A. 
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TABLE VI. — Continued. 
]>oabled Square Boots for Kelvin Balances. 



51 
52 
53 
54 
55 



U-283 
14 422 
14-560 
14-697 
14-832 



56 


14-967 


57 


15-100 


58 


15-232 


59 


15-362 


60 


15-492 


61 


15.620 


62 


15 748 


63 


15-875 


64 


16-000 


65 


16125 


66 


16-248 


67 


16 3.1 


68 


16-492 


69 


16-613 


70 


16-733 


71 


16-852 


72 


16-971 


73 


17-088 


74 


17-205 


75 


17-321 


76 


17-436 


77 


17-650 


78 


17-6W 


79 


17-776 


80 


17-889 



81 


18.000 


82 


18-111 


83 


18-221 


84 


18-330 


85 


18-439 


86 


18-547 


87 


18-655 


88 


18-762 


89 


18-868 


90 


18-974 


91 


19-079 


92 


19-183 


93 


19-287 


94 


19-391 


95 


19-494 


96 


19-596 


97 


19-698 


98 


19-799 


99 


19-900 


100 


20-000 



100 ! 200 I 300 ' 400 'I SOO 



II 



•25-3S 
25-46 
•25-53 
25-61 
•25-69 



•25-77 
25-85 
2V92 
26-00 
26-08 



26-15 
•26-23 
•26-31 
26-38 
26-46 



26-53 
26-01 
26-68 
•26-76 
26-83 



20-91 
26-98 
•J7-06 
•27-13 
27-20 

•27-28 
•^7^35 
27-42 
•27-50 
•27-57 



27-64 
-27-71 
•27-78 
27-86 
•27-93 



-28-00 
•28-07 
•28-14 
28 21 

•28-28 



33-82 
33-88 
33-94 
34-00 
34-06 



34-12 
34-18 
34-23 
34-29 
34-35 



34-41 
34-47 

:u-53 

34-58 
34-64 



I 



-24- oS ;n-69 

24-6*1 31-75 

24-74 3 1 -Si 

24-82 31-87 

•24-90 31-94 



•24-98 . 32-OJ 
-25-06 ! 32-06 
•25-14 ' 32-12 
•25-22 i 32-19 
-25-30 I o2-2.) 



ot 
37 
37 
37 
37 

37 
37 
37 
37 
37 



47 

•52 
■58 
•63 
•68 

•74 
79 
•84 
•89 
•95 



42-47 
42-52 
42-57 
42-61 
42-66 



' 46-95 
i 46-99 




47-03 
47-07 
47- 12 



51-03 
51-07 
51- 11 
51-15 
51-19 



3-2-31 
32-37 
32-43 
32-50 
32-56 

32-62 
32-68 
32-74 
32-80 
32-86 



38-00 
38-05 
38-11 
38-16 
38-21 

38-26 
38-31 



43-17 
4>-22 



38-37 I 43-27 



38-42 
38-47 



43-31 
43-36 



47-58 
47-62 
47-67 
47-71 
47-75 



32-92 
32-98 
33-05 
33-11 
33-17 

33-23 
33-29 
33-35 
:«-41 
33-47 

33-53 
33-59 
33-65 
33-70 
33-76 



38-52 
38-57 
38 63 
38-68 
38-73 

38-78 
38-83 
38-88 
38-94 
38-99 

39-04 
39-09 
39-14 
39-19 
39-24 

39-29 
39-34 
39-40 
39-45 
39-50 

39-55 
39-6J 
39-6') 
36-70 
39-75 

39-80 
39-85 
39-90 
39-95 
40-00 



51-61 
51-65 
51-69 
51-73 
51-77 



43-41 , , 47-79 
43-45 ' 47-83 
43-50 : ' 47-87 
43-54 1 1 47-92 
43-59 I 47-96 



43-63 
43-68 
43-73 
4;j-77 
43-82 

43-86 
43-91 
43-95 
44-00 
4405 

44-09 
44-14 
44-18 
44-23 
44-27 



51-81 
51-85 
51-88 
51-92 
51-96 



48-00 
48-04 
48-08 
48-12 
48-17 



52-00 
52-04 
52-08 
5-2-12 
52-15 



48-21 
48-25 
48-29 
48-33 
48-37 



44-32 
41-36 
44-41 
44-45 
44-50 

44-54 
44-59 
44-63 
44-68 
44 72 



48-41 
48-46 
48-50 
48-54 

48-58 



48-62 
48-66 
48-70 
48-74 
48-79 



52-19 
52-23 
52-27 
52-31 
52-35 



52-38 
52-42 
52-46 
52-50 
52-54 



48-83 
48-87 
48-91 
48-95 
48-99 



52-57 
5-2-61 
52-65 
52-69 
52-73 



52-76 
52-80 
52-84 
52-88 
52-92 



700 



4-2-71 


47-16 


51-22 


4-2-76 


47-20 


51-26 


42-80 


47-24 


51-30 


42-85 


47-29 


51-34 


42-90 


47-33 


51-38 


42-94 


47-37 


51-42 


42-99 


47-41 


51-46 


43-03 


: 47-46 


51-50 


43-08 


47-50 1 51-54 


43-13 


I 47-54 1 61-58 



55-17 
55-21 
55-24 
55-28 
55-32 

55-35 
55-39 
55-43 
55 46 
55-50 



55-53 
.55-57 
55-61 
55-64 
55-68 



55-71 
55-75 
55-79 
55-82 
55-86 

55-89 
55-93 
55-96 
56-00 
56-04 



56-07 
56-11 
56-14 
56-18 
56-21 



56-25 
56-28 
56-32 
56-36 
56-39 



56-43 
56-46 
56-50 
56-53 
56-57 




54-81 
54-85 
54-88 
54-92 
54-95 



54-99 
55-03 
55.06 
5.5-10 
55 14 



58-34 
58-38 
58-41 
58-45 
58-48 



58-51 
58-55 
58-58 
58-62 
58 65 



58-69 
58-72 
58-75 
58-79 
53-82 



58-86 
5i-89 
58 92 
58-96 
58-99 



59-03 
59-06 
59-09 
59-13 
59-16 



59-19 
^9-23 
59-26 
59-30 
59-33 



59-36 
59-40 
59-43 
69-46 
59-50 



59-53 
59.57 
59-60 
59-63 
59-67 



59-70 
59-73 
59-77 
59-80 
69-83 



59-87 
59-90 
59-93 
59-97 
6l)-0J 



900 



61-68 
6171 
61-74 
61-77 
61-81 

61-84 
61-87 
61-90 
61-94 
61-97 



62-00 
62-03 
62-06 
62-10 
62-13 



62-16 
6-2-19 
62-23 
62-26 
62-29 



62-32 
62-35 
62-39 
62-4-2 
62-45 



62-48 
62-51 
6'2-55 
62-58 
62 61 



62-64 
62 67 
6-2-71 
62-74 
62-77 



62-80 
62-83 
62-86 
62-90 
62-93 



62-96 
62-99 
63-02 
63-06 
63-09 



63-12 
63-15 
63-18 
63-21 



rt'» 



51 
52 
53 
54 
55 



56 
67 
68 
69 
60 



61 
62 
63 
64 
66 



66 
67 
68 
69 
70 



71 
72 
73 
74 
76 



76 

77 
78 
79 
80 



81 
82 
83 
84 
85 



86 
87 
88 
89 
90 



91 
92 
93 
94 
96 



96 

97 

98 

99 
■«a(j 



328 ELECTRICAL MEASUBEMENTS. 



APPENDIX B. 



SPECIFICATIONS FOR THE PRACTICAL APPLICA- 
TION OF THE DEFINITIONS OF THE AMPERE 
AND VOLT.» 

8PEGIEICATI0N A. -The Ampere. 

In employing the silver voltameter to measure currents 
of about one ampere, the following arrangements shall 
l)e adopted: 

The kathode on which the silver is to be deposited 
shall take the form of a platinum bowl not less than 10 
cms. in diameter, and from 4 to 5 cms. in depth. 

The anode shall be a disc or plate of pure silver some 
30 sq. cms. in area, and 2 or 3 cms. in thickness. 

This shall be supported horizontally in the liquid near 
the top of the solution by a silver rod riveted through 
its centre. To prevent the disintegrated silver which is 
formed on the anode from falling upon the kathode, the 
anode shall be wrapped around with pure filter paper, 
secured at the back by suitable folding. 

The liquid shall consist of a neutral solution of pure 
silver nitrate, containing about fifteen parts by weight 
of the nitrate to 85 parts of water. 

The resistance of the voltameter changes somewhat as 
the current passes. To prevent these changes having 
too great an effect on the curi'ent some resistance, 
besides that of the voltameter, should be inserted in the 

1 Legalized by act of Congi'ess, approved July 12, 1894. 
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circuit. The total metallic resistance of the circuit 
should not be less than 10 ohms. 

Method of making a Measurement. — The platinum 
bowl is to be washed consecutively with nitric acid, 
distilled water, and al)solute alcohol ; it is then to be 
dried at 160° C, and left to cool in a desiccator. When 
thoroughly cool it is to be weighed carefully. 

It is to be nearly filled with the solution and con- 
nected to the rest of the circuit by being placed on 
a clean copper support to which a binding screw is at- 
tached. 

The anode is then to be immersed in the solution so 
as to be well covered by it, and supported in that position ; 
the connections to the rest of the cirauit are then to be 
made. 

Contact is to be made at the key, noting the time. 
The current is to be allowed to pass for not less than 
half an hour, and the time of breaking contact observed. 

The solution is now to be removed from the bowl, and 
the deposit washed with distilled^water, and left to soak 
for at least six houra. It is then to be rinsed successively 
with distilled water and alxsolute alcohol, and dried in a 
hot-air bath at a temperature of about 160° C. After 
cooling in a desiccator it is to be weighed again. The 
gain in mass gives the silver deposited. 

To find the time average of the current in amperes, 
this mass, expressed in grammes, must be divided by the 
number of seconds during which the current has passed 
and by 0.001118. 

In determining the constant of an instrument by this 
method the current should be kept as nearly uniform as 
possible, and the readings of the instrument observed at 
frequent intervals of time. These observations give a 
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curve from which the reading corresponding to the mean 
current (time-average of the current) can be found. 
The current, as calculated from the voltameter results, 
corresponds to this reading. 

The current used in this experiment must be obtained 
from a battery and not from a dynamo, especially when 
the instrument to be calibrated is an electrodyna- 
mometer. 

8PEGIEICATI0N B.-The Volt. 

Deflnition and Properties of the Cell. — The cell has 
for its positive electrode, mercury, and for its negative 
electrode, amalgamated zinc ; the electrolyte consists of 
a saturated solution of zinc sulphate and mercui^ous 
sulphate. The electromotive force is 1.434 volts at 
15° C, and, between 10° C. and 25° C, by the increase 
of 1° C. in temperature, the electromotive force decreases 
by .00115 of a volt. 

1. Preparation of the Mercury. — To secure purity 
it should be first treated with acid in the usual manner 
and subsequently distilled in vacuo. 

2. Preparation of the Zinc Amalgam. — The zinc 
designated in commerce as " commercially pure " can 
be used without further preparation. For the prepara- 
tion of the amalgam one part by weight of zinc is to be 
added to nine (9) parts by weight of mercury, and both 
are to be heated in a porcelain dish at 100° C. with 
moderate stirring until the zinc has, been fully dissolved 
in the mercury. 

3. Preparation of the Mercurous Sulphate. — Take 
mercurous sulphate, purchased as pure, mix with it a 
small quantity of pure mercury, and wash the whole 

thoroughly with cold distilled water by agitation in a 
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bottle; drain off the water and repeat the process at 
least twice. After the last washing drain off as much 
of the water as possible. (For further details of puri- 
fication, see Note A.) 

4. Preparation of the Zinc Sulphate Solution. — Pre- 
pare a neutral saturated solution of pure re-crystallized 
zinc sulphate, free from iron, by mixing distilled water 
with nearly twice its weight of crystals of pure zinc 
sulphate and adding zinc oxide in the proportion of 
about 2 per cent by weight of the zinc sulphate crystals 
to neutralize any free acid. .The crystals should be dis- 
solved with the aid of gentle heat, but the temperature 
to which the solution is raised must not exceed 30° C. 
Mercurous sulphate, treated as described in 3, shall be 
added in the proportion of about 12 per cent by weight 
of the zinQ sulphate crystals to neutralize the free zinc 
oxide remaining, and then the solution filtered, while 
still warm, into a stock bottle. Crystals should form as 

it cools. 

5. Preparation of the Mercurous Sulphate and Zinc 
Sulphate Paste. — For making the paste, two or three 
parts by weight of mercurous sulphate are to be added 
to one by weight of mercury. If the sulphate be dry, 
it is to be mixed with a paste consisting of zinc sulphate 
crystals and a concentrated zinc sulphate solution, so 
that the whole constitutes a stiff mass, which is 
permeated throughout by zinc sulphate crystals and 
globules of mercury. If the 8uli)hate, liowever, be 
moist, only zinc sulphate crystals arc to bo added; care 
must, however, be taken that these occur in ex(5css and 
are not dissolved after continued standing. The mer- 
cury must, in this case also, pornuMitt^ tlie j)aste in little 
globules. It is advantageous to crush the /auc %i''^* ^ ^*^ 
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crystals before using, since the paste can then be better 
manipulated. 

To set up the Cell, — The containing glass vessel, 
represented in the accompanying figure,^ shall consist 
of two limbs closed at bottom and joined above to a 
common neck fitted with a ground-glass stopper. The 
diameter of the limbs should be at least 2 cms. and their 
length at least 3 cms. The neck should be not less than 
1.5 cms. in diameter. At the bottom of each limb a 
platinum wire of about 0.4 mm. diameter is sealed 
through the glass. 

To set up the cell, place in one limb mercury and in 
the other hot liquid amalgam, containing 90 parts mer- 
cury and 10 parts zinc. The platinum wires at the 
bottom must be completely covered by the mercury and 
the amalgam respectively. On the mercury, place a 
layer one cm. thick of the zinc and mercurous sulphate 
paste described in 5. Both this paste and the zinc 
amalgam must then be covered with a layer of the 
neutral zinc sulphate crystals one cm. thick. The whole 
vessel must then be filled with the saturated zinc sul- 
phate solution, and the stopper inserted so that it shall 
just touch it, leaving, however, a small bubble to guard 
against breakage when the temperature rises. 

Before finally inserting the glass stopper, it is to be 
brushed round its upper edge with a strong alcoholic 
solution of shellac and pressed firmly in place. (For 
details of filling the cell, see Note B.) 

1 See Fig. 85, page 178. 
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NOTES TO THE SPECIFICATIONS. 

(A.) The Merourous Sulphate. — The treatment of 
the mercurous sulphate has for its object the removal 
of any mercuric sulphate which is often present as an 
impurity. 

Mercuric sulphate decomposes in the presence of 
water into an acid and a basic sulphate. The latter is a 
yellow substance — turpeth mineral — practically in- 
soluble in water ; its presence, at any rate in moderate 
quantities, has no effect on the cell. If, however, it be 
formed, the acid sulphate is also formed. This is soluble 
in water and the acid produced affects the electromotive 
force. The object of the washings is to dissolve and 
remove this acid sulphate, and for this purpose the three 
washings described in the specification will suffice in 
nearly all cases. If, however, much of the turpeth 
mineral be formed, it shows that there is a great deal of 
the acid sulphate present, and it will then be wiser to 
obtain a fresh sample of mercurous sulphate, rather than 
to try by repeated washings to get rid of all the acid. 

The free mercury helps in the process of removing the 
acid, for the acid mercuric sulphate attacks it, forming 
mercurous sulphate. 

Pure mercurous sulphate, when quite free from acid, 
shows on repeated washing a faint yellow, tinge, which 
is due to the formation of a basic mercurous salt distinct 
from the turpeth mineral, or basic mercuric sulphate. 
The appearance of this primrose yellow tint may be 
taken as an indication that all the acid has been re- 
moved; the washing' may with advantage be continued 
until this tint appears. 



334 ELECTRICAL MEASUREMENTS, 

(B.) Fillingr the Cell. — After thoroughly cleaning 
and drying the glass vessel, place it in a hot-water bath. 
Then pass through the neck of the vessel a thin glass 
tube reaching to the bottom to serve for the introduction 
of the amalgam. This tube should be as large as the 
glass vessel will admit. It serves to protect the upper 
part of the cell from being soiled with the amalgam. 
To fill in the amalgam, a clean dropping tube about 10 
cms. long, drawn out to a fine point, should be used. Its 
lower end is brought under the surface of the amalgam 
heated in a porcelain dish, and some of the amalgam is 
drawn into the tube by means of the rubber bulb. The 
point is then quickly cleaned of dross with filter paper 
and is passed through the wider tube to the bottom 
and emptied by pressing the bulb. The point of the 
tube must be so fine that the amalgam will come out 
only on squeezing the bulb. This process is repeated 
until the limb contains the desired quantity of the amal- 
gam. The vessel is then removed from the water- 
bath. After cooling, the amalgam must adhere to 
the glass and must show a clean surface with a metallic 
lustre. 

For insertion of the mercury, a dropping tube with a 
long stem will be found convenient. The paste may be 
poured in through a wide tube reaching nearly down 
to the mercury and having a funnel-shaped top. If the 
paste does not move down freely it may be pushed down 
with a small glass rod. The paste and the amalgam are 
then both covered with the zinc sulphate crystals before 
the concentrated zinc sulphate solution is poured in. 
This should be added through a small funnel, so as to 
leave the nec^ oi the vessel clean and dry. 
For convenience and securitv a^^ AiaxvOiNvvcr. \Xv^ ^^\]L 
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may be mounted in a suitable case so as to l)e at all 
times open to inspection. 

In using the cell, sudden variations of tempera- 
ture should, as far as possible, be avoided, since the 
changes in electromotive force lag behind those of tem- 
perature. 
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Absolute capacity of a con- 
denser, 227, 229, 230. 

Absorption, correction for, 220. 

Acceleration, 7. 

Activity, 9. 

Air-Leyden, 214. 

Ampere, 16; international, 17, 
328. 

Anderson's modification of 
Maxwell's method, 249. 

Angle of lag, 236, 238. 

Archives, kilogramme des, 6; 
metre deSy 5. 

Arrangement for strong or 
weak currents, 168. 

Astatic galvanometer, 145. 

Auxiliary apparatus for measur- 
ing internal resistance, 106. 

Ayrton on d' Arsonval galvanom- 
eter, 136; insulation resist- 
ance, 83 ; and Perry's method 
for electrolytic resistance, 115. 

B. A. units and international 
units, 18. 

Balances, Kelvin (Thomson), 
141, 193. 

Ballistic galvanometer, 207 ; 
galvanometer, constant of, 88, 
309, 310, 318; method of mag- 
netic ixieasurements, S07, dO^t 



314, 316 ; compared with trac- 
tional method, 305, 316. 

Bar and yoke, Hopkinson's, 
314. 

Barcelona, milre des archives , 5. 

Bars, magnetic test of, 299, 303, 
306, 307, 308, 314. 

Barus, Carl, calibration of bridge 
wire, 78. 

Battery, internal resistance of 
(see Resistance). 

Bidwell, Shelford, divided ring 
method, 306. 

Borda, kilogramme des archives, 
6 ; mitre des archives j 5. 

Bosanquet, divided rod method, 
306. 

Box resistance, 25; Post-Offlce 
resistance, 48 ; shunt, 84. 

Bridge, conductivity, 82; meth- 
ods of comparing capacities, 
218, 210; compnriug rapacity 
and Hdf-induction, 245, 253; 
comparing inntnal and solf- 
Inductlon, 272; comparing 
Melf-lndnrtions, 2a5, 258 ; nicas- 
• uroniont. of nhsoluto capacity, 
2aO; PoHi-Onico, 48; slide 
wire, 51, 54, 56, 58, (U ; Wlicat- 
Htono'H, 45; wtro, calibration 
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British Association, C.G.S. sys- 
tem, 6; units, 16, 18. 
Broch, density of water, 6. 

Calibration of bridge wire, 73, 
78 ; of electrostatic voltmeter, 
202 ; of galvanometer, 37, 88, 
160, 151, 154, 309, 310, 318; of 
voltmeter by standard cells, 
205. 

Calomel, one- volt cell, 183. 

Capacity, 15, 207; absolute, of a 
condenser, 227, 229, 230 ; com- 
parison of, by bridge methods, 
218, 219; by divided charge, 
216; by Gott's method, 219; 
by Thomson's method of mixt- 
ures, 222 ; with self-induction, 
246, 249, 251, 253; measure- 
ment of by alternating cur- 
rents, 241 ; of an electrostatic 
voltmeter, 240; solution for 
current with both self-induc- 
tion and capacity, 237 ; static, 
of coils, 115, 244. 

Carhart-Clark standard ceil, 181. 

Chaperon, static capacity of 
coils, 115. 

Chicago Congress of 1893, 16. 

Clark standard cell 18, 176, 324, 
330. 

Coefficient of mutual induction 
{see Mutual induction) ; of 
self-induction {see Self-induc- 
tion) ; resistance temperature, 
23, 80; E.M.F. temperature, 
180, 182, 324, 330. 

Coercive force, 280. 

Commutator, Pohl's, 28 ; double, 
109, 
Condenser, compsiiA^QXX of capac- 



ity {see Capacity) ; discharge 
through high resistance, 223; 
method of comparing 
E.M.F.'s, 188; of measuring 
internal resistance, 100 ; stand- 
ard, 213. 

Conductivity, 22 ; bridge, 82. 

Constant of current meter by 
electrolysis, 164, 329 ; of a gal- 
vanometer, 37, 88, 164, 309, 310, 
318. 

Control magnet, 32, 148. 

Copper, resistance temperature 
coefficient of, 23; voltameter, 
161. 

Correction, for absorption, 220; 
for bridge wire, 74, 75, 77, 80; 
for damping, 211, 310; of de- 
flections, 37, 321, 322; of 
E.M.F. of ceUs, 180, 182, 324, 
330; of periods to infinitely 
small arc, 324; of resistance 
for temperature, 23 ; for ends 
of a bar, 281 ; for induced mag- 
netization, 295. 

Cosine galvanometer, 126. 

Coulomb, 16; international, 18. 

Creeping up of magnetization, 
303, 312. 

Current, arran.ircinent for strong 
or weak, 1G8 ; measurement of, 
118; by cosine galvanometer, 
126; by electrolysis, 156, 164, 
328; by Kelvin balances, 141, 
193; by electrodynamometer^ 
127 ; by standard cell, 169, 172 ; 
plotting of, 121 ; strength of, 
12 ; variation of internal resist- 
ance with, 104; with both 
self-induction and capacity, 
2^*7 
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Cyclical magnetization curve, 
299, 311, 315. 

Damping, correction for, 211, 
310. 

Daniel, electrolytic resistance, 
113. 

D'Arsonval galvanometer, 67, 
135; best form of coil of, 
139. 

Deflections, scale, in terms of 
angle, tangent, etc., 37, 321, 
322. 

Delambre, mktre des archives, 5. 

Demagnetization of rings and 
bars, 297, 302. 

Derived units, fundamental 
and, 1. 

Determination of /), 66. 

Dewar, electrical resistance, 14. 

Difference of potential, 14. 

Differential galvanometer, resist- 
ance by, 40, 44. 

Dimensional formulas, 1, 325; 
use of, 3. 

Dip, magnetic, 282, 284 ; needle, 
282. 

Direct deflection, insulation re- 
sistance by, 8G. 

Discharge of a condenser 
through high resistance, 223 ; 
residual, 225. 

Divided, charge, comparison of 
capacities by, 216; ring meth- 
od of magnetic measurements, 
305; rod method of magnetic 
measurements, 303, 306, 307. 

Double, commutator, 109; Ivoy, 
48. 

Doubled square roots, 144 ; table 
of, 326. 



Du Bois, optical magnetic meth- 
od, 299. 
Dunkirk, mitre des archivesj 5. 
Dyne, 8. 

Earth-inductor, 284, 309. 

Earth's magnetic field, 119; ef- 
fect on electrodynamometer, 
130. 

Electrical units, magnetic and, 
9, 325 ; two systems of, 11. 

Electrodes, 156. 

Electrodynamometers, Siemens, 
127; affected by earth's field, 
130. 

Electrolysis, measurement of 
current by, 156 ; determination 
of constant by, 164, 329. 

Electrolytes, resistance of (see 
Resistance). 

Electromagnetic units, 11, 325. 

Electrometer, electrolytic resist- 
ance by, 115. 

Electromotive force, 13, 170; 
comparison of, by condenser 
method, 188; by galvanometer 
in shunt, 186 ; by the Rayleigh 
method, 189 ; by rapid charge 
and discharge, 192; of stand- 
ard cell by Kelvin balance, 
193; by silver voltameter, 
196. 

Electrostatic, units, 11; volt- 
meters, 200. 

Energy, 9 ; expended in hystere- 
sis, 299. 

Erg, 8. 

Errors of t)bscrvatl()n, effect of, 
52; In bjiUory roslstance, 101; 
In slldo wire bridge?, r>:J; in 
tangent galvaP'^"T'*^^'^r, 120. 
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Exchanging coils, apparatus for, 
70. 



Fall of potential, resistance hjt 
95. 

Farad, 16; international, 18. 

Faraday, 157, 275. 

Fessenden, temperature coeffi- 
cient of copper, 23. 

Figure of merit of galvanometer, 
87. 

Fitch, mercurous chloride cell, 
183. 

Fleming, electrical resistance, 
14. 

Force, 7. 

Formulas, dimensional, 1. 

Foster, Carey, method of com- 
paring resistances, G4 ; meas- 
uring mutual induction, 2(58. 

Fundamental and derived 
units, 1. 

Galvanometer, ballistic, 207 ; 
constant of ballistic, 88, 309, 
310, 318; calibration of, 37, 
88, 150, 151, 154,309,310,318; 
cosine, 12G; d'Arsonval, 135; 
deflections corrected, 37, 211, 
321, 322; differential, 40, 44; 
figure of merit of, 37; in 
shunt, comparison of E.M.F.'s 
by, 186; mirror, reflecting, 31, 
34; resistance by means of 
tangent, 29; resistance by 
Thomson's method, 56; tan- 
gent, 29, 118; Thomson, 145. 

Gauss, 8. 
German silver, temperature co- 

efflcient of, 23. 



Glazebrook, and Skinner, E.M.F. 
of standard cell, 196 ; appara- 
tus for exchanging coils, 72. 

Gott's method of comparing 
capacities, 219. 

Gray, determination of 96, 291. 

Guilleaume, electrical standards, 
17. 

H-form of standard cell, 184. 

Heaviside's method with the 
differential galvanometer, 44. 

Helmholtz, von, calomel cell, 
183; electrical standards, 17. 

Henry, the, 18. 

High resistance, discharge of 
a condenser through, 223; 
method of comparing E M.F.'s, 
18G ; of measuring battery re- 
sistance, 98. 

Himstedt, ratio of units, 12. 

Hopkinson's bar and yoke 
method, 314. 

Horizontal intensity of the 
earth's field, 287, 288. 

Horse-power, 9. 

Houston, residual magnetiza- 
tion, 281. 

Hysteresis, magnetic, 299, 311. 

Impedance, 237; method of 
measuring self-induction, 243. 

Induced magnetization, correc- 
tion for, 295. 

Induction, magnetic, 276, 279, 
295; mutual (see Mutual in- 
ductance) ; self- (see Self *ln- 
ductance) ; unit of, 18. 

Infinity plug, 50. 

Insulation resistance (see Re- 
sistance') . 
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Intensity of magnetization, 11, 
277, 295. 

Internal resistance of batteries 
(see Resistance) . 

International, ampere, 17; cou- 
lomb, 18; farad, 18; olim, 17; 
units, 17, 18; volt, 18. 

Ions, 156. 

Jager, Weston standard cell, 184. 
Joule, the, 8, 18. 

Kahle,E.M.F. of Clark cell, 180. 

Kelvin, Lord {see also Thom- 
son), 214; balances, 141; 
multicellular voltmeter, 203 ; 
siphon recorder, 136. 

Kennelly, residual magnetiza- 
tion, 281; temperature coef- 
ficient of copper, 23. 

Kerr, optical magnetic phenom- 
ena, 299. 

Known potential differences, in- 
sulation resistance by, 83. 

Known resistances, calibration 
of galvanometer by, 154. 

Kohlrausch, conductivity of 
electrolytes, 110; determina- 
tion of fHj, 291 ; magnetic 
dip, 284; resistance of elec- 
trolytes, 113; vessels, 111. 

Kupffer, density of water, 6. 

Lag, angle of, 236, 238. 
Lamp and scale, 34, 148. 
Laplace, mHre des ayr hives, 5. 
Laws of resistance, 20. 
Leakage, insulation resiMtanco 
by, 87, 92; magnetic, 315, 319. 
Least error, 62, 63, 101, 120. 
Legal ohm, 19. 



Length, unit of, 4. 

Lindeck, temperature coefficient 

of German silver, 23 ; of 2T.an- 

ganin, 24. 
Logarithmic decrement, 211. 



Magnet, control, 32, 148. 

Magnetic, and electrical units, 
9; axis, 275; dip, 282, 284 
Held, 10, 13; on axis of coll 
122, 278; strength of, 276 
within long solenoid, 278 
flux, 276; hysteresis, 299, 311 
inclination, 282, 284; indue 
tion, 276, 279, 295; leakage 
315, 319; moment, 10, 277 
permeability, 280, 295; poles 
9, 275; reluctance, 315, 320 
shell, 12; susceptibility, 280, 
295. 

Magnetism, 275. 

Magnetization, correction for 
induced, 295; curves, 296, 298, 
305, 311, 316, 319; intensity 
of, 11, 277, 295. 

Magnetometer, 300. 

Magne tome trie method, 299. 

Manganin, temperature coeffi- 
cient of, 24. 

Mass, unit of, 6. 

Maxwell, on dimensional formu- 
las, 2 ; electromagnetic theory 
of light, 1 1 ; magnetic dip, 
284. 

Maxweirs method of comparing 
capacity and self-induction, 
246; mutual inductances, 265; 
mutual and self-inductances, 
272 ; solf-lmluctances, 255 ; 
rule for brldgt> connections, 
48. 



842 



INDEX. 



Mechain, mHre des archives ^ 5. 

Meikle, copper voltameter, 162, 
163. 

Metre and foot, relation of, 5. 

Michelson, velocity of light, 
12. 

Miller, density of water, 6. 

Mirror, concave, in galvanome- 
ter, 35; galvanometers, 31, 34, 
145. 

Mixtures, comparison of capaci- 
ties by method of, 222. 

Momentum, 8. 

Multiplying power of shunt, 32. 

Mutual inductance, 235, 261 ; 
Carey Foster method of meas- 
uring, 268 ; comparison of, 265, 
266; comparison with self-in- 
ductance, 272. 

Newcomb, velocity of light, 12. 
Niven's method of comparing 
self -inductances, 258. 

Oersted's electromagnetic dis- 
covery, 12. 

Ohm, the, 16 ; international, 17 ; 
"legal,'' 19. 

Ohm's law, 15; calibration of 
galvanometer by, 151. 

One pole magnetometric method, 
301. 

Optical method of magnetic 
measurement, 299. 

Paris Congress of 1881, practical 
units of, 16. 

Pendulum apparatus for con- 
denser methods, 106. 

Permeability, magnetic, 280, 295. 
Permeameter, Thompson's, 307. 



Perry's, Ayrton and, method of 
measuring electroljrtic resist- 
ance, 115. 

Platinoid, 24. 

Plotting, currents, 121; dGS^ 
curves, 296, 298, 305, 311, 316. 

Pohl's commutator, 28. 

Pole, strength of, 9, 276. 

Post-Ofiice resistance box, 48. 

Potential differences, 14; meas- 
urement of resistance by, 39, 
83. 

Practical electrical units of the 
Paris Congress, 16; of the 
Chicago Congress, 16, 328. 

Preparation of materials for 
Clark cells, 176, 330. 

Quantity, 13, 207. 
Quartz fibres for galvanometers, 
36. 

Rapid charge and discharge, 
comparison of E.M.F.'s by, 192. 

Rayleigh method of comparing 
E.M.F.'s, 189. 

Reduction factor by electrolysis, 
164, 329. 

Reflecting galvanometer, 31, 34, 
145. 

Reichsanstalt, Weston standard 
cell, 184; standards of resist- 
ance, 174. 

Reluctance, magnetic, 315, 320. 

Residual discharges, 225; mag- 
netization, 280. 

Resistance, 14, 20 ; of batteries, 
96, 98, 100, 104, 106, 118; box, 
25; Post-Office, 48; Carey 
Foster method, 64; by differ- 
ential galvanometer, 40, 44 ; of 
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electrolytes, 109, 113, 115; by 
fall of potential, 95 ; of a gal- 
vanometer, 50 ; insulation, 83, 
80, 87, 92;. laws of, 20; l)y 
potential differences, 30 ; by 
Post-Oflice box, 48; specific, 
22; standard, 00, 08, 72, 174; 
by tangent galvanometer, 20 ; 
temperature coefficient of, 23, 
80. 

Reversals, demagnetization by, 
302; method of, 297, 311. 

Rimington's modification of 
Maxwell's method, 253. 

Ring, divided, 305 ; magnetic 
tests of, 305, 308. 

Rod, divided, 300; magnetic 
tests of, 200, 300, 307. 

Rosa, ratio of units, 12. 

Rowland, method of magnetic 
measurements, 308; ratio of 
units, 12. 

Russell's modification of Max- 
well's method, 251. 

Sahulka, capacity of electro- 
static voltmeter, 240. 

Searle, ratio of units, 12. 

Self-inductance, 235; a length, 
248 ; comparison of capacity 
with, 245, 240, 251, 253; of 
mutual inductance with, 272; 
of two self -inductances, 255, 
258; impedance method of 
measuring, 243 ; standard of, 
257; three voltmeter method 
of measuring, 244. 

Shunt box, 34; multiplying 
power of, 32. 

Siemens electrodynamometer, 
127. 



Silver voltameter, 168, 196, 328; 
E.M.F.of standard cell by, 196. 

Sine inductor, 114. 

Siphon recorder, 136. 

Skinner, Glazebrook and, E.M.F. 
by silver voltameter, 190. 

Slide wire bridge, 51, 54, 50, 68, 
64. 

Solenoid, compensating, 301 ; 
field within, 278. 

Solenoidal magnetization, 277. 

Specific resistance, 22. 

Standard cell, Carhart-Clark, 
181,324; Clark, 18, 176, 324, 
330; calibration of voltmeter 
by, 205 ; combination for zero 
coefficient, 184 ; current meas- 
ured by, 100, 172; E.M.F. by 
Kelvin balance, 193; E.M.F. 
of by silver voltameter, 190; 
one volt calomel, 183; tem- 
perature coertlcient of, 180, 
182 ; Weston, 184. 

Standard, condensers, 213; of 
self-induction, 257 ; resist- 
ances, 60, 08, 72, 174. 

Static capacity of coils, 115, 244. 

Strength, of current, 12 ; of field, 
10, 122, 270, 278; of pole, 9, 
276. 

Sunlight, effect on hard rubber, 
28. 

Susceptibility, magnetic, 280, 
295. 

Tangent galvanometer, 118. 

Telescope and scale, 34. 

Temperature coefficient, of re- 
sistance, 23, 80; of E.M.F. of 
standard cells, 180, 182, 183, 
185, 324, 330. 
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Thompson's permeameter, 307. 

Thomson, J. J., ratio of units, 
12. 

Thomson (Sir Wm.), galvanom- 
eter, 145; ratio of units, 12; 
siphon recorder, 130. 

Thomson's method of galva- 
nometer resistance, r>(>; of 
mixtures, 222. 

Three- voltmeter method of 
jpeHsuring self-induction, 244. 

Time constant, 248; is a time, 
248. 

Tractional method, 303, 305, 30G, 
307; compared with ballistic, 
305, 316. 

Trallis, density of water, G. 

Tuning-fork method, of com- 
paring E.M.F.'s, 192; of meas- 
uring capacity, 229, 230. 

Unit, magnetic field, 10; pole, 
10, 276. 

Units, dimensions of, 7, 325; 
electromagnetic and electro- 
static, 11; fundamental and 



derived, 1 ; magnetic and elec- 
trical, 9. 

Velocity, 7 ; of light, 12. 
; Vertical component of earth's 

field, 297. 
Volt, 16; international, 18, 330. 
Voltameter, copper, ICl; silver, 

158, 190, 328. 
Voltmeter, and ammeter method 

of measuring resistance, 95, 

90 ; calibration of, by standard 

cells, 205; electrostatic, 200; 

capacity of, 240 ; multicellular, 

203 ; Weston, 203. 

Wachsmuth, Weston standard 
cell, 184. 

Watt, 9, 18. 

Wattmeter, 132. 

Weber's earth-inductor, 284, 309. 

Weston Instruments, 134, 130, 
203 ; standard cell, 184. 

Wheatstone's bridge, 45 ; Max- 
well's rule for, 48. 

Yoke, Hopkinsou's bar and, 314. 
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